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GlabalMegatnends 8o Rale fefnRower

nleetsonics

y" Power Electroniés A Key Enabling Technology for Futurd&r@hewabl&nergy Generation & Use

Renewables & Storage
Towards 100% Renewable

Energy Supply

T &,

> Power Grid —

DC
AC

o}

o

AC
AC

Digitalization
10pul15% of

Industry Automation
45% of Global Electric Energy
Processed by Electric Motors

Yy 70% of All Electric Energy is Processed by Power Electrohsards 100% in Future _ B
y* Power Electronics is EverywHer€ritical Importance of High Energy Conversion EfficieiMat&ial Efficiency!)

Electric Mobility
40% of All Passenger
Vehicles by 2040

U. S.

in (Al)-Datacenters by 2030
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PowertklecthoniteMissing HEdement»

Yy Switching Element Featurifigpolar Voltage Blocking Bidirectional Current Conduction/Control

Vienna Rectifier HERIC (Highly J% J%
Efficient a Sy
°P Reliable o =
DR KK vz Li|y Inverter ’ b
Qg | | | = T Ve Concept) -
b - o— !
C o l
==+ VDCI2 ) .
DR N A Direct Matrix Converter
o n
op
D S
WD e Ly, b
b o c
o] -
+ ==+lVDcf2
DiwZK ZA 7N BDSs
o N

y" Vienna Rectifier”A Widely Used in Datacenters / UPSs / EV Chargers / etc.
y* Matrix Converte®, AC/AC Conversion for Motor Drives Using Only 9 Switches
y" HERICA Ubiquitous for Singlé’hase Noisolated PV Microinverters
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Monglithic BitkectionabSwitche S MBDSS)

y* Convergence of Demand & Technological Maturity of Lateral GaN Power Tran8isimiSate GaN MBDSs

MOSFET

1 X'Abhlp
1xR,

Yy Functional Integration Fact or of

ETH:zurich

MOSFHased BDS Realization Options

GaN MBDS
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v>0 A Ron
v<0

i

C1 A

1xR,

-AIGaN I, i
Standard S -
GaN HEMT Substrat
S,
G, ”!_T
G, O_N_l
S,
i-AlGaN vmz >0
i-GaN Vores < ~v.<0
Buffer Layer
Si Substrate

Same Chip Region Blocking
Both Voltage Polarities!

C 4 Csmpared teeDiscretenRieglizatiom of Sagpé! R

i
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ExpetimentahAnalysisf oft-Gen.ce00\MMBID S &

y' 2020t 1stContinuoug-Quadrant Operation of 600V /R 140 n¥ Samples @400 V

.

_ Van>0 0
i-GaN Verso < ~v..<0
Buffer Layer
Si Substrate

Shared Drift Region

Gate Signals <SS T
M-BDS Driver
Uil .\

" SiC Driver

ConfigA,B

5o o

Vsw
=

)

(I

1
S

) L ks

ConfigC,D

Config. A
600 6
400 4
g 200 2.
: 0 0
= -200 -2
_400._—*\%-4
-600 -6
0 4 8 12 16 20
Config. C
600 6
400 4
g 200 2
= -200 -2
-400 -4
-600 -6
0 4 8 12 16 20

Time (us)

Yy T-Type Topology w/ Four Different Load Configuration¥ienna Rectifier

ETH:zurich
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Config. B
600 6
400 4
200 2 2
0 ' = 0 —
. —
-200 2
-400 -4
-600 -6
0 4 8 12 16 20
Config. D
600 6
400 Pttt t—4
200 2~
<
0 0~
..,_:_]
-200 H H -2
-400 — —3— —14
-600 -6
0 4 8 12 16 20
Time (us)
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3-00 PFC Rectifier,Systems

39 Harmonic Injection / Swiss Rectifier
——— BoostType/Vienna Rectifier | Bu€kypeTopologies
SingleStage Isolated Concepts
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3-U’ Diode Bridge:Rectifier

Yy Conduction States Defined by Lind_ine Grid Voltages
Yy Intervals with Zero Phase Current / LBrequency Input Current Harmonics
Yy No Output Voltage Control
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Yy Sinusoidal Current in All Phases Only for Active Control of Diode Bridge Conduction State
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Integrated /ActiverFilte RRectificrobopologyrDetivation

Yy 3-u Diode Rectifier FroriEnd &ExplicitParalletConnected-8 Active Filter
Yy 3-u Diode Rectifier & Lo@omplexity Integrated Active Filter (IAF)
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Yy IAF Employs Single HF Sw. Bridgg / Single Inductor / Phase Selector@Witches (MonolithiBidir. GaN Devices)
Yy Mains Frequ. Switching 8f/nchronous-8 Diode Rectifier Large Chip Areas / Very Low Conduction Losses
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3-® Integrated /ActiverRtite { (MFRRectfier

y 3-uv Diode Rectifier FroEnd Gener ates °DC# ,Busatprut Vol tage w/ 6Xx
Yy LowAmplitude 3 Harmonic Current Inj. for Sinusoidal Mains Current Shaping

Yy Sinusoidal Mains Phase Curre@t€onst. Power Load
Yy Low Switching Transistordnd T Current Stress / Low Switching Losses
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IAF ‘Rectifier'& Buck QOutput:Stag

. 400
y  Efficiencys > 99.1% @60% Rated Load > w008 | ] —ug
Yy Mains CurrentHDC  Z@/Rated Load £
Yy PowerDensity C 4 k W/ d m & 0
S -200
P+ 8 kW 400
U= 400cA Ugs 400\4-const. / Controlled
fs=27kHz
<
=]
FPGA Board =
Gate Drivers g
_ DC Output E
o e, : 20 | I 1 1 1
0 60 120 180 240 300 360
| \ wtin °
. : A_ b
Auxiliz . \/\CO .
uxiliary
Supply "
Z 3 X
; -~ EMI Filter 4 -
Lin Injection & 2
Bllftk Converter & i
RwifaHEs E —— Calculation Up,, = 400V
975 L [ ——— Calculation Upy, = 380V |
Y. SiC Power MOSFETSs & Diodes ., s Mensurement U = 380V
Yy 2 InterleavedBuck DC/DC Output Stages (!) o0 e S e E—
00 10 20 30 40 50 60 7.0 80 9.0

Output Power in kW
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Swiss Rectifier

Yy Integration of 39 Harmonic Injector Switches & Buck Output Stage

y* Controlled Output Voltage
Yy Sinusoidal Mains Current
y i,Def. by KCIE.Q.i,- i,

Yy Low Complexity

£ 44

Y
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Swiss Rectifier Demonstrator

y  Efficiencys = 99.26%@ 60% Rated Load
Yy Mains CurrertHRDC 0 @-5Réted Load

y PowerDensity C 4 k W/ dm .
P 8 kW
Ui= 4004 A U= 400\ o
f = 27kHz .
DC Output 6; 90— i
. 085 Calculation Uy = 230V
Gate P &y 90 o Electrical Meas. Uy = 230V
Drivers _§ 98.0 m Calorimetric Meas. Uy = 230V
FPGA % é-’ ¢ Electrical Meas. U; = 195V
EMI m 975 v Electrical Meas. U, = 264V
Input 97.0 & ! | | ,
C; 2 6 10 14 18 22

Filter

Output Current in A

Buck Converter

¥ty ~ p " o N $ ;
& ..\ = -
o \\ D .4 ; p B ,/
S . i Switches
\ Z

Yy SiC Power MOSFETSs & Diodes
Yy Integrated CM & Output Coupling Inductors (ICMCI)
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!Rémark M-BDSBased 8 Harm. Inj. Rectifiers

Yy Bipolar Voltage Blocking / Current Carrying Capability
y* Factor of AReduction of Chip Area Comp. to Discrete Realization of ggme R
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Yy Mains Frequ. Operation of the Phase Selector SwAch€snduction Losses Only
ETH:urich
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BoostType
—— 3-u PFC Rectifier Systems———

Up

A

ETH:zUrich 2PCEC 2026



ETH:zurich

dn
12/ 49 __ Nt

Derivation ofiBoeoslhypePPFC: ReEctifiBopologies

Yy Active Control of Diode Bridge Conduction States / Sinusoidal Mains Current & Controlled DC Output
y' DeltaConnection or Stakrrangement of Bidirectional/Bipolar Switches Connected to AC Inputs

L T

|

=2
In

2]l

o N

Yy PhaseSymmetry & Bridg8ymmetry Mandatory for Full Controllability / Syn8emicondStress
Yy Voltage Formation @ AC Inputs Determined by Diodes & Switches / Unidirectional Power Flow

Z2PEC 2026
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S LELERY Applicationof MBDSS

y* 3-Switch Rectifiek  Control of Rectifier Stage Lite-Linelnp. Voltage w/ 2 Switches
Yy M-BDSs Voltage Stress Def. by FUlLiDK Voltage

U, = 115 V@400Hz
U, =400V
THR 2.3%

L =
o A l
a L B,_ 9}{0— +
oI T | O
C — ¢ @4

°1N

CH1 100V CH3 10A
CH2 10A CH4 10A

y e00vMBDSs for 115V / 360u800HzZ Aircraft Applicati ons
Yy Always Only 2 Switches are Operated / Phase Curr. Controller Outputs Trax€)uiandities

ETH:zUrich 2PCEC 2026
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L LELET ViennarRedtifier1 172

y Active Control of the Diode Bridge Conduction Statésvitches Connected to DC Output Midpoint
y" Extension to Bidirectional Power ConvergjoRectifier Diodes Replaced w/ SiC MOSFETSs

P 10 kW

U= 400y z10%
fyv= 50Hz or 360u800HZ

? ? +—o P UO: 800\5(:

X432 + _
N i) %Mg == Y 7 = 10 kw/dnd
bo L b 3% st_ M' Upn
4 } Ti

Yy Voltage Stress of Type Switches Defined by Half ('}0O6k Voltage
y' 600V MBDS€@ U, = 800v,cin Combination wlL200V8|C Diode's MOSFETSs idir. Power Conversion
y Top & Bottom Commutatlon Cell / Phase Curr. Direction Dependent MBDS Contrd Qmnlytmwer Flow

ETH:zUrich 2PCEC 2026
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L LENET Y ViennarRecdtifier? 212

y Active Control of the Diode Bridge Conduction Statésvitches Connected to DC Output Midpoint
y" Extension to Bidirectional Power ConvergjoRectifier Diodes Replaced w/ SiC MOSFETSs

i 11 '+‘°p O omeDi
L Sama ==
a — I _(_) 0—_|$_8 -
bo L b 3% st_ M' Upn
I+ T
_%x%4% i

THD= 1.2% @, = 800Hz

Yy Voltage Stress of Type Switches Defined by Half ('}0O6k Voltage
y' 600V MBDS€@ U, = 800v,cin Combination wlL200V8|C Diode's MOSFETSs idir. Power Conversion
y Top & Bottom Commutatlon Cell / Phase Curr. Direction Dependent MBDS Contrd Qmnlytmwer Flow
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——  3-u PFC Redctifier Systems——
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Detivation of BueklypePPFC: ReciifilRopolodies

y Active Control of Diode Bridge Conduction States / Sinusoidal Mains Current & Controlled DC Output
Yy Power Transistors Arranged in Series to Diode Bridge AC Inputs / Pulsating AC Input Current

3 r - o
OSMSEL N % % P
a a Eﬂg_ﬁh‘; T
b . b ;ﬁﬂ’ﬁh; b Lt
\\@/ c ‘ J—C o ‘ .
@ [LINER
A 0 = (30°,+30) Yo o
2 li“é “é}@
b b L
JISEES
i . e e
0 =(90 +9C)@U,, i 0 1] on

Yy PhaseSymmetry & Bridg8ymmetry Mandatory for Full Controllability / Syn8emicondStress
y" Controlled DC Output CurréntCurrent Source / Bu€kype PFC Rectifier
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It Unidirectiond| 30 BudkTypePPFG:RECfiler

Yy Sinusoidal Distribution of DIGnk Current to the Phases / Diode Bridge Output Formed btoLlimee Voltage Sections
y* Conduction States Dependent on Switching State AND Relation of the Grid Phase Voltages

a b C
% (110)
»i_&

600 =
< ULE miax

i) o e (Y = 300 F=
e 0
% (101) e
=0 # 7, oo S 300}
—600¢t
" N = (idc> ~— 20 i
a b C
. <t
_— P % (011) = 10 b
A = th S
= —10F
O
- A _20 +
o a 5 el 0 5 10 15 20
3-f = |% (111) Time (ms)
ot . Vector (010)(110)  (101)  (110) (010) (110)  (101)  (110) (110)
wh o R :
1T LT %% - g s ol | L | L
[ T x % %, | (ooo o on —.toL
= T s tao)| (001 g o+ 1 [ [ 1 L [ [
I % 3 010 O on
, , n 100 Seoff L [T | 1] |

Yy Overlapping Switching of the Power Transistors Ensures Minimum Sw. Losses
Yy No MulttStep Commutatiob BridgelLegs of Diode Rectifier Providelld@x Current Freewheeling Path

ETH:zUrich 2PCEC 2026
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LB Excension: tosBuciBoestunctionatity

Yy Functional Integration of Buetage & BoosBtageb Shared Use of the Eu@hk Inductor Y

-— p p p
N % A X
:\j La — D%{D_.
O 1 JE T
O == 1r
1T A A A
n n
Yy TOKUSADA& oncept (Y. Nishidalp No BoosDiode Voltage Drop in Bubkode Operation
ETH:zurich
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 EELENY SelfReverseBlocking MBDS:Gancept21/2

Yy CSR w/ Dudabate Ohmic G&tate-Characteristic MBD% 12 Gate Control Signaiss.6 for VSR
Yy Limitation to Unidirectional DCink Current Enables Use of t@amplexity SRBBDS Concept
Yy Power Flow Reversal by&i@de Voltage Polarity Inversion

- p HV Switch & o
i i HV Diode MBDS © S&li t ¢ h iSREWBDS 5 R U1 CO
S 'L_“I L= i ;j
: ’ 1 s y v oy |V
£ J_ J_ j j ;ﬁ i] i
HHHA n &t Y
‘ \ v t‘ "4
()

Yy HV Switch + HV Diode  HV Diode Characteristic / High Conduction Losses
y MBDS Ohmic Cond. Characteristic BUT 2 External Gate Signals / 2 Gate Drivers
Yo SesIwfi t ¢ hi n @bkmic Cond. Characteristic BUT High Local Complexity (Sensing)
y SRBMBDS Quédimic Cond. Characteristic / Only 1 External Gat&TH Pair

ETH:zUrich 2PCEC 2026
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LN seltReverseBlocking MBDS:Goncept?2/2

y" Hybrid NormallyOn/Off DualGate GaN MBIAS Internal Norm-ON Gate fo€ascodéExternal NormOFF Gate

NormallyOff G, G, NormallyOn
i

S, i1 s, Blocking ST L o f
. - . ;
> : p-GaN : S, _ I
m i=0 .
i-GaN o—e—T1 14 o
Buffer Layer —_— —
ETH Si Substrate 390v 10V (!)
10 ¢ : 400 V
| ——25°C : ; et
- 8 Conducting
ol C¢ f 8Nl o n
5 ¢ 4 ;
g 4 X = S D_J '
O 9 E ‘ I > 0 \
0 _ _______ HV} ] O—<—T rlb<]1 ‘o)
0 0.5 1 1.5 2 2.5 -—
Forward Volt. (V) o3V

Y Verification Using Discrete AssentblyHybridGate 650V / 140 GaN MBDS & 60V / 20A Schottky Diode
Yy Integration / CePackaging of MBDS & LV Diode for Improved Performance

Z2PEC 2026
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L LENETY SelfReverseBlodking MBP ScBenefits
Yy Hybrid NormallOn/Off DualGate GaN MBS AC/DC CSR w/ 6 External Norm@ffyGates Like VSR

NormallyOff G, G, NormallyOn
S i

S 5

s G G, g

2
W 6 GaN MBDSS Gate Signals

i-GaN
Buffer Layer
ETH Si Substrate

op

.
o

a

—e—25°C
8 Bt b L+
< T
Z6 .
: i
g 4 e —
° 2

O o—otg®% . .. e I E on

0 0.5 1 1.5 2 2.5
Forward Volt. (V)

y" Simplified Modulation & Commutation for AC/DC €CSRS® MultiStep Commutation Sequences (!)

y" Minor Impact ofCascodeV Diode / Quagbhmic Conduction Loss Characteristic
ETH:zurich
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3-0° SingleStageIsolated
AC/DC Converters

NextGeneration EV Chargers———

ETH:zUrich 2PCEC 2026
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NextGenenationt EVicBoart(Charge S0BCs)

y Low Weight / Volume & High Conversion Efficienéxkt&ded Functionality@ Low Complexity & Low Cost

3-Phase 1-Phasd!) SplitPhase Standalone / Islanded
— I
C y C -~ :
LECTRIC 1920 N i i i N i ‘ ‘ Ng T T 0 C (I)
QI AC QI AC QI AC
P; Py =P Py =Ps P
(" DC DC

m m m

BidirectionalPower Flow Capability & Reactive Power Sugpoit2X = V2L, V2H, V2G
NoPower Deratintn 1-Phase / Spl#Phase Operation (!)

y

y

y" Ohmic Mains Behavior Undesymmetric Fhase Mains Voltage

Yy Standalone /Islanded Power Provisioning Fully Asymmetric Phase Loading (!)

ETH:zUrich 2PCEC 2026
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Single Stageltsolated 3» ACIDC Coaverters

Yy Topology Derivation Considering Extensionwftd 3-u MBDSased AC/DC Converter Topology
Yy PhaseModular Approach w/ Thréthase Transformers or Single Transformer Miatpg Circuit

—
i
—

&

| F—
VT[’IF E

1

o N

ETH:zurich

Yy DualActiveBridge(DAB)Type or Series Resonant Converter (3R Operation

I_

OJ +
S ENPHASE
n

i
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Yy Voltage Stress on the Switches of the PiMsdular System Defined by Phase Voltage Amplitude

Z2PEC 2026
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Isolated «¥Recifier» 30 OR11® ACI nputiQperaiion

Yy Functional Integratiorof AC/DC Rectifier & DC/DC Isolation StagehaseModular YConnected FroiEnd :@‘

/

Yy DualActiveBridge(DAB)OR Series Resonant ConvéB&C)Operation —5 \Q_*
3-0 Operation \ / 1-G Operation
op T ] o
] A ST
S - ——— -

==+ Vd % ‘@ J " . . | ::+ Vd

J . J
Dﬂ—l n _Cw—l »|—1 on

y MBDS Vol tage Stress Defined by PhAa&S@aVG&NMB@éS Al ”"i t udeé
Yy NOPowemDeratingfor SinglePhaser Split-Phase Operatbn yg

ETH:zUrich 2PCEC 2026
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Isolated IRPhasdeceocped”’P-Re@i@dar”® X1 e r »

Yy Full Coverage ol EEENDED Functionality Required for {&¢teration OBCs
Yy Fully Decoupled / Independent Power Flow Control in All Three Phases

0 Nk\]l} . L. 0

°p

°op

|
iz
A

I
I
=

o b

on

on

Yy Functional Integration of 3x-Phase AC/DC DAB Convefier4-Leg Output Stage
y" Connection of Primai§ide Star Pointio Mains Neutral I OpenDeltaSecondary

ETH:zUrich 2PCEC 2026
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O Y>ReetiCidr”ISyimmeeric »W £1ymmnmaltmﬂ i

y Similar Component Stress fofi3& 1-t Operation
y" NO Derating for-ii Grid Connection

230V

230V

Ni:N=1:2

3-0 @6.6 kW

Fararar

l
I

|

Vdc

n

Sys. Volt. (V)

rid Cur. (A)

&l
&3

V)

Grid Cur. (A)

Yy Equal PrimanBide and SecondaBide Sw. Frequency (72kHz,
Yy LowComplexity Implementation of Opt. Modulation / 98.9% Mis§loofiled..micong

Sys. Volt.

(V)

Trans. Volt.

(A)

HEF Trans. Cur.

A Trans. Volt. (V)

=
o
(=]

400
200

-200
-400

26/ 49 _ I%l
3

5.8  5.8+T,,
t (ms)
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Next Generation
— Ultra-Efficient SingleStage @ ——
Isolated Datacenter
3-uv AC/DC Converters
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AdivaneeGingle Stageltsolate B 3» ACIDC dconverters

Yy PhaseModular YConnection of-1s FullBridge AC/DC Converters w/ Hoely Secondaiyw Stage
Yy MatrixType LoviFrequency AC/Higkrequency AC Input Stage w/ Single Transformer

o JoF
1 N
. . (v
Ve | (N \ \\ - 4

[ "J J» L[ o L |n

3 f;:-j Jo ok M

——o N

o n

In

| ” w || | "o

B-NJ o — S
"’“|' ”'j JrE o) ] ] H
—en LT "]

Yy PhaseModular System Features Prim&rgle Freewheeling & Full Power Transfer-to&l3-us AC Grid Connection
Yy Matrix Approach Shows Lower Complexity BUT Reduced Poweh@Q@rid Connection
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Isolated IMatixType3sw ACIDC Coaversion

Yy Functional Integration of AC/DC Rectifier & DC/DC Converter Isolation Stage
Yy LowFrequ./HighFrequ. AC/ARatrix-ConvInput Stage & DuabctiveBridgeType Power Flow Control

] o] o] o
R E | B ||

. . u /
N b | _ ¢ *”* l = |y, ao — : ! 1
s —t3|ug | 1/2| s34 1Tt2 1—t, |1
— — |
c»'J H!J o J:E Jtﬂs 1 ij %_'t2 %_tl \‘%—ts‘, | t/|T‘
M—I »’—1 »j en [ R R ——————————— — sw
. P
+ - + ip ,
1 1
%ﬁ@ %au; /S R L
_\ / L ﬂTsw
‘_|— Tsw Tow
A | 1

Yy MBDS Voltage Stress Defined by-tdAdei ne Vol t age Ampl i t wdFeturé 12@% GaNWBDHSs r
y" Power Derating for Singkehase or SphPhase Operation (!)
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{ Remark

i

ok 5% JoF

£

E;

Yy Example of CurreiiirectionBased Commutation
y Commutation & b @i;> 0 (v, < 0)

R
(I
Vab
eYEel:
SERCERCE
ETH:z(rich
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ACIAC ConverterStep Gommutation

Yy No Mains Short Circui& No Transformer Current Interruption _
Yy 4-Step CurrenDirectionBased OR CommutatignltagePolarityBased Commutation

% TORONTO
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y Efficiencys = 98.9% @ 60% Rated Load (ZVS)
Yy Mains CurrentHDC  4@d&Rated Load
Yy Power Density C kwW/dn?

Ps= 8kW

U= 400V, A U 400V,
fg = 36kHz
Transformer Gate Drivers ZYNQ 7000 )
System on Chip

with Leakage
Input

i o : L. ‘ -a... = .‘2""’,,
\ v

Direct Matrix Converter
Heat Sink
Full-Bridge

y 900V / 10ng SiC Power MOSFETS
Yy Opt. Modulation Based on 3D Ladik Table

ETH:zurich
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Matrix-Type 35 AC/DC Converter Demonstrator

ETH
C 99 %
@

10A/div
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