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Glabal\WMegatnends & RalefefnRower tizleditonics

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

Renewables & Storage
Towards 100% Renewable
Energy Supply
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Digitalization
10pl15% of U. S.
in (Al)-Datacenters by 2030

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

Yy 70% of All Electric Energy is Processed by Power Electrohmsards 100% in Future
y" Power Electronics is Everywher€ritical Importance of High Energy Conversion Efficieisté&ial Efficiency{t)
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PowertklectnoniteMissing Hdement»

y' Switching Element Featurifgpolar Voltage Blocking Bidirectional Current Conduction/Control

Vienna Rectifier HERIC (Highly J.*J; J% "
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y" Vienna RectifierA 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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Mondalithic BitectionabswiticheSAMBDSS)

y' Convergence of Demand & Technological Maturity of Lateral GaN Power Tran8istmiGate GaN MBDSs

MOSFET
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y' Functional Integratiot Fact or

MOSFHased BDS Realization Options
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ExpetimeniahAnalysisf aftl-Gen .00\ MBI S

y' 2020t 1st Continuoud-Quadrant Operation of 600V /R 140 nY Samples @W00 V
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Yy T-Type Topology w/ Four Different Load Configuration¥ienna Rectifier
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] .. \CAMP
3-U0 PFC Rectifle — ***x

Voltage D&ink Converters
Current DCink Converters:
Integrated Active Filter Rectifier
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3-¥ 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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3-0 PFC: Rectificfapologied Berinvation

y Active Control of Diode Bridge Conduction States / Sinusoidal Mains Current & Controlled DC Output
Yy TurnrOff Power Semiconductors Arranged in Parallel OR in Series to Diode Bridge AC Inputs
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Yy PhaseSymmetry & Bridg8ymmetry Mandatory for Full Controllability / Symm. Semiconductor Stress
y* Controlled DC Voltage or DC Current Outpubltage or Current Source PFC Rectifier (VSR, CSR)
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VSR LOSR Conatitat@nl €elt&dsocess

y" VSR Parallel Diodes Prevent Tw@iff OvervoltagéCurrent CommutatioBetweerUpper & Lower Bridge Half
Yy «BreakBeforeMake»/ Interlock Delay Time Prevents-Di@k Short Circuit / Hard or Soft Switching
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y* CSR Series Diodes Prevent AC Voltage Short Cifeuitent CommutatioWithinUpper or Lower Bridge Half
Yy «MakeBeforeBreak»/ Overlapping OiTimes Ensure Current Path / Hard or Soft Switching
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VSR &SR Basic=0OperatinigPrinciple

Yy PulseWidthhModulation / Conversion of Const-8i@e VOLTAGE itoitched AC Input Phase VOLTAGE (!)
Yy Three Commutation Cell$ltiree Tw&ole Switchek23= 8 Switching States
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VoltageSource Rectifier (VSR)

Yy PulseWidth-Modulation / Conversion of Const-8i@e CURRENT i&teitched AC Input Phase CURRENT (1)
Yy Two Commutation Cell§¥wo Thre®ole Switche@) / 3%= 9 Switching States
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VSR LOSRkundame mahkregur Operatihg/Behavior

y VSR Difference of Switchin§tage PWM Input Voltage & Grid Voltages Impresses Grid Current
Yy 4-Quadrant Operation @ CONSTANSid@CV/oltage / No React. Power @ No Load
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Yy CSR Mains Current Defined by Switchisiggge PWM Input Current & Filter Cap. Reactive Current
Yy «Thyristor» Convertdrike Coupling of Input Current Phase Angle & Output Voltage Generation (!)
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| Remark SelfReverseBlocking MBD S Gaencept (1)

Yy CSR w/ Dudbate Ohmic Gatate-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&ide Voltage Polarity Inversion

- p HV Switch &
f f i HV Diode MBDS © S&Wwi t c h iSREWBDS KA v 3¢
S T i ;j I
b ) 15 L+ v :;_ v v . v .
c ’ ‘ j Zgmg\éhottk\y—(\lt‘@’
c [~ T P o -Q Diode
_J_J_ j j J i i i iA
R n ‘/‘l Vo ) /‘L
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Yy HV Switch + HV Diode  HV Diode Characteristic / High Conduction Losses
y" MBDS Ohmic Cond. Characteristic BUT 2 External Gate Signals / 2 Gate Drivers
y° Se&lIwfi t ¢ hi n @bkmic Cond. Characteristic BUT High Local Complexity (Sensing)
Yy SRBVIBDS Quésimic Cond. Characteristic / Only 1 External Gat&TH Pair
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YT seltReverseBlocking MBDS:Goncept (2)

y" Hybrid NormallyOn/Off DualGate GaN MBIAS Internal Norm-ON Gate fo€ascodéExternal NormOFF Gate
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y' Verification Using Discrete AsseniblHybridGate 650V / 140M GaN MBDS & 60V / 20A Schottky Diode
Yy Integration / CePackaging of MBDS & LV Diode for Improved Performance
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SelfReverseBlocking MBD ScBenefits

Yy Hybrid NormallOn/Off DualGate GaN MBS AC/DC CSR w/ 6 External Norm@ffyGates Like VSR
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Yy Simplified Modulation & Commutation for AC/DC €CSRS® MultiStep Commutation Sequences (!)
Yy Minor Impact ofCascodeV Diode / Quagdhmic Conduction Loss Characteristic
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VSR LOSRExtensians & @peating Ranges

Yy VSR Bidirectional Power Flow @ Unipolar-8i@e Voltagé Bidirectional DESide Current
Yy Extension to Boodtuck Operation w/ Seri€3onnected Buektage
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y* CSR Bidirect Power Flow Only for Inversion of&e Voltage OR 3itle Current (MBDS Mandatory!)
Yy Extension to BueBoost Operation w/ Series Connected Integrated L (Polarity Inversion) Sags
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Integrated Active Filter (IAF) Rectifler———
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Integrated /Activerftite RRedtificTobopologyrRetivation

Yy 3-u Diode Rectifier FrorfEnd &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/nchr3-u Diode Rectifiek Large Chip Areas / Very Low Conduction Losses
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IAF Redtifie0@petatingrPringiple

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

Yy Sinusoidal Mains Phase Curré@t€onst. Power Load
y" Low Switching Transistordnd T Current Stress / Low Switching Losses
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 Partial Rower Rrecessing{(PPP)

Yy Active Power Processing Limited to Small Share of Total Output Pdwer U, -U,

P, (1+g=h)
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Yy Limited Influence of PPP Converter Efficiency on the Overall Power Conversion Efficiency (!)
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IAF Regctifte DBemonsttrator

y  Efficiencys > 99.1%@ 60% Rated Load
Y Mains CurrenfHRC 2@/Rated Load
Yy Power Density C kW/dn?

P+ 8kW

Uy= 400V, A Ug= 400Vpe
fs= 27kHz

FPGA Board

Gate Drivers

Supply

A\
Auxiliary \ ' )

EMI Filter

Injection &
Buck Converter
Switches

Yy SiC Power MOSFETSs & Diodes
Yy 2 Interleaved Buck Output Stages
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—— Calculation Upy = 380V

¢ Measurement Up, = 380V

e Measurement Uy, = 400V ||
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Output Power in kW
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Swiss Rectifie P>

y" Integration of 39 Harmonic Injector Switches & Buck Output Stage
y* Controlled Output Voltage
Yy Sinusoidal Mains Current
y

iyDef. by KCL: E.g- i, —o
T ,
s { S,
)
5
t1t
g la a
b b
¢ _C
Yy Low Complexity I T
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Swiss Rectifier Demonstrator

y Efficiencys = 99.26%@ 60% Rated Load
Y. Mains CurrenfHPC 0 @5R#ted Load
y' Power Density C  @//in3

P= 8kW
U= 400V, A Ug= 400V,
fs = 27kHz
s DC Output
Gate Ldm s \'
Drivers ‘ : ~
FPGA

Buck Converter
Switches

Yy SiC Power MOSFETs & Diodes

Yy Integrated CM & Output Coupling Inductors (ICMCI)

Efficiency in %

99.5

99.0

98.5
98.0

97.5
97.0/

Calculation U; = 230V
@ Electrical Meas. Uy = 230V

| @m Calorimetric Meas. U; = 230V
¢ Electrical Meas. U; = 195V

| v Electrical Meas. Uy = 264V

6 10 14 18
Output Current in A
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MBDSBased:8 Harmonic Injection:Rectifiers

Yy Phase Selector Switch&s Bipolar Voltage Blocking / Current Carrying Capability

Yy MBDsBased Realizatioh Factor of 4 Reduction of Chip Area Compared to Discrete Realization of;game R
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Yy Mains Frequ. Operation of the Phase Selector SwAch€snduction Losses Only
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3-0° Isolated AC/DC-Converters

TweStage Converters
— SingleStage Converters
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YTEENY 3-LevelTType (VIENNAYPRE Reetifier

y MBDSBased Control of the VIENNA Rectifier Diode Bridge Conduction State
Yy Significant Reduction of Cond. Losses @ Given Chip AxeaFactor of 4 Chip Area Penalty (!)
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Yy 600VM-BDS U, =800V,cin Combination wA200V SiC Diode’s MOSFETs #idir. Power Conversion
Yy Top & Bottom Commutatlon Cell / Phase Curr. Direction Dependent MBDS Contrd@mlyPtower Flow
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Isolated Twoe StageTh hre®hase) AC/DE i@envelision

y 3-u AC/DC ConverterontEnd®* VIENNA RectifiéiSplit DGLink | f,,=560 kHz
y 2x 2 DAB)C/DC Convertisolation Stage$ f,= 18Qu 330 kHz
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Yy 650VCo0lGalsIT HEMTs / 1200d0lSiGchottky Diodes
Yy Low Sw. Loss Synergetic Control of Input & Output StagexPulseShaped DCink Voltage

800

Vv
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Singlle Stagelistlate d3p ACIDC Converters

y* Topology Derivation Considering Extensionwftd 3-u MBDSased AC/DC Converter Topology
Yy PhaseModular Approach w/ Thréthase Transformers or Single Transformer Matpg Circuit
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y' DualActiveBridge(DAB)Type or Series Resonant Converter (3R Operation
Yy Voltage Stress on the Switches of the PiMedular System Defined by Phase Voltage Amplitude
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Isolated «¥Recifier» 30 OR11® ACI nputiQperaiion

y" Functional Integratiorof AC/DC Rectifier & DC/DC Isolation StagehaseModular YConnected Froiiind

y' DualActiveBridge(DAB)OR Series Resonant Convé&&C)Operation

ThreePhase Operation
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Ry

SinglePhase Operation
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y MBDS Voltage Stress Defined by
Yy NOPowemDeratingfor SinglePhaser Split-Phase Operatﬁn
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YT Dusl ActivesBridge A0IDE Gonverter

Yy Phase Shift Between Primary and Second&rgle Transformer Voltages Controls the Power Flow
y' SecondanBide Duty for Equal Primaf$econdarySide Voltagelime Areas
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Fundamental Frequency Model
Intuition for Ohmic Mains Behavior
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y" Ohmic Mains Behavior for const.Over Mains Period (' v Adjusts the Average Power Flow
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Isolated «¥¥Rectifier» 3© Ac;mcnmma@pamnm (1)

y ( 3 AA)A O v/ HF Phase Shiit for Power Flow Control

N Each Half
[ Sw. Period
va

op

o—p!—

ar o= ok Vi, Voa D_’H 'J
B i ;—:J

Vo= Ve | ==

N S B S
|
|
e

o) o J
”7”1”'1 , 17 on

Y Increased SecondaBide Sw. Frequency, §= 4/3 f,, ;
Yy Optimization of Sw. Sequence for Minimum RMS Current

UTa, UTA

S(uTabc)’ S(ETABC)

1.||| ® O I ©

R(ur,,) Rlug,po)

400V ; S0A
UTa : 1 w
/ B ‘ — . A
200V /AN (_l 40A
0 L 0 &
H I =
| AL L /]
200 VEE 40 A
© 7-/ :
H H Ta i @
400V 5 . ] . -
07t tﬂtwmgtust}stﬂqu to %TS 27,
%(lTabc)
60A  -40A -20A 0 20A  40A  GOA
300V T T T T 60 A
200V ¢ 1 40A
100V | 20A
Urppe ’—;s;
0 0=t
&2
-100V -20A
Switching sequence N
200V | {-40A
(000) — (100) — (110) — (100) — (000)
— (001) = (011) = (001) — (000),
300V I 1 i I 60 A
300V 200V -100V 0 100V 200V 300V
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Isolated «¥Rectifier» 30 ACIDO DAB Operation (2)

y (gﬁ AAA O v/ HF Phase Shiit for Power Flow Control
2 Grid Periods

N Each Half ) R R I -
Sw. Period o \r NS :+
va[ - 100 : : . o . - |t
a b c 0 Ty TN: 3Tx 2T
I S
I I V B = " U . ' '

T [| o= - 5
V= Ve | == | s = |V, §
el niiee I—| IJ IJ i
193 A S

[<
=
o)
(o]
-
\
I<\'
-
[=
ﬁ
o
2]
A
Tal /A

Y Increased SecondaBide Sw. Frequency, §= 4/3 f,, ;
Yy Optimization of Sw. Sequence for Minimum RMS Current Sinusoidal Grid Currents
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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
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”j ”j JrE o) ] ] H
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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 MattixType3sw ACIDCConversion

y" Functional Integration of AC/DC Rectifier & DC/DC Converter Isolation Stage
Yy LowFrequ./HighFrequ. AC/ARatrixConvInput Stage & DualctiveBridgeType Power Flow Control
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Yy’ MBDS Voltage Stress Defined by-tdAei ne Vol t age Ampl i t wdFeturé 1208 GaNWIBDSs r 4 (
y" Power Derating for Singlehase or SphPhase Operation (!)
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TEIR S ACIAC GoaverterStepGommutation

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

i

5% 7% 5%
S
T,
Véb
T R R A3
T

é TORONTO

Yy Example of CurreiiirectionBased Commutation
y Commutation & b @i;> 0 (v, < 0)
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Matrix-Type 35 AC/DC Converter Demonstrator

y Efficiencys = 98.9%@ 60% Rated Load (ZVS)

ETH
Yy Mains CurrentHDPC  4d&Rated Load A
Yy Power Density C kwW/dn? .v*9 9 %

Ps= 8kW
U= 400VacA Us= 400Vpc
fg = 36kHz

10A/div

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