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“X-Concepts” — The DNA of Future High-Performance Power Electronic Systems

Abstract — Aiming for a disruptive next step of power electronics performance improvement it is interesting to contempiate on potential driving forces, in other words
to identify “x-concepts”, which enable the full utilization of basic scaling laws and of “x-technologies” like wide bandgap power semiconductors, digital signal
processing and 3D-packaging introduced over the last decade.

The talk first identifies 4 core approaches, namely modularization, hybridization, synergetic association and functional integration and subsequently
demonstrates/verifies the capabilities of the x-concepts based on latest research results of the Power Electronic Systems Laboratory of ETH Zurich like a 99.4%
efficient multi-level PV inverter system, an ultra-compact 3-port automotive DC/DC converter system, a synergetically controlled ultra-wide output voltage range
three-phase EV charger, a monolithic bidirectional GaN switch current DC-link AC/AC converter for motor integrated variable speed drives, a 4.8MHz switching
frequency 100kHz bandwidth AC-source and a partial power processing DC/DC server power supply. Finally, life cycle analysis, embodied energy, and design for
recyclability are highlighted as major topics to be integrated into future power electronics research and development processes.
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Outline

» Introduction

> X-Technologies &% ~"®
» X-Concepts / «Genes»

» Conclusions
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Driving Applications

m Global Megatrends - Industry Automation | Renewable Energy | Sustainable Mobility | Urbanization etc.

Today, the automotive segment, especially
EVIHEVs, drives both technological
development and market demand

Industrial

. .
®sssssssssssssnnnnnnnnt

Renewable energy, stationary battery  EV/HEV inverters, boost converter,

sesssmsmmnmnnns®

Autonomous driving, loT... energy storage, charging infrastructure, DC-DC converter, 48V converter, Source:  Status of Power
HYDC depioyment. . on-board charger.... " Electronics Industry
2019 Report

1\YOLE

‘}Dévelugemen(
e (Clean Energy Transition - “All-Electric” Society &
CFPS5S
N4
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Performance Indicators / Trends

Environmental Impact... [kgg /kW]

[kgc, /kW]
[kgy /KkW]
[cm?s; /kW]
v State-of-the-Art
Weight / Volume

J

Power Density [kW/dm3]
Power per Unit Weight [kW/kg]
Relative Costs [kW/$]

Relative Losses [%]

Failure Rate  [h']

Failure Rate

Future

Manufacturability
Recyclability / Sustainability
Networked / IToT

The 1st |EEE International Power Electronics
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S-Curve of Power Electronics

m « X-Technologies » / “Moon-Shot” Technologies
m « X-Concepts » > Full Utilization of Basic Scaling Laws & X-Technologies
m Power Electronics 1.0 > Power Electronics 4.0
m 2...5...10x Improvement NOT Only 10% !
/
/
Performance !
« X-Technologies » ! ﬁ
« X-Concepts » '
4.0 |
» Super-Junct. Techn. / WBG /
P » Di ital/Power / f’
Modeling & Simulation 5 4
Performance Replacement » Power MOSFETs & IGBTs /

b s Z (Disuptive) » Circuit Topologies

2 £t S Microelectronics

E 2 % > Modglatlorl Eoncep%s 2.0

| i 55ng /DDiO, des ontrol Concepts
olid-State Devices __/
™~ Existing / 1.0
Technology
» Effort/Time m * 2025
1958 2015
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SiC | GaN ]
3D-Packaging & Integration
Digital Signal Processing
Energy Storage
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Low Ryson) High-Voltage Devices

m Higher Critical E-Field of SiC = Thinner Drift Layer
m Higher Maximum Junction Temperature

at 300 K Si GaAs 4H/6H-SIC  GaN

Eg (ev) 1.12
Ec (Mvicm)| 0.25
Ln (cm2vs) | 1350
Er 11.9

A (WicmK) 1.5

vsat (cm/s) [1x107  1x107
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© 2000 Carl-Mikael Zetterling

4V? For 1kV:
R,=—7% _ W(m
glunEC < Nb (cm3)

R:n,SiC ~ ﬁ Ron Si

® Massive Reduction of Relative On-Resistance - High Blocking Voltage Unipolar Devices

ETHzurich

SiC
=-S5
- N -
Wsic: ‘
' ' WSi =.
Schottky' con’@act Ohﬁic contact

[si] —

R

o
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Low Rps(on) High-Voltage Devices

m SiC MOSFETs / GaN HEMTs (Monolithic AC-Switch)
m Low Conduction Losses & ZVS

u High E-ﬂ:idency Source: (lnfineon
typical Cell R, xA @25°C

[ == Si Limit T rTr. /

I*| = = SiCompensation Limit (@16pm Pitch)

== == Si Compensation Limit (@4pm Pitch) /

10 |  —-—Si Compensation Limit (@1pm Pitch)
E|  ==——4H SiC Limit .I

. GaN Limit |

e | GBT-Limit (Nakagawa)

m  CoolMOS C3/Ch

SFET3HY LR &

SFET4/5 wio Substr L &

IGBT3/4/RC — .

SIC JFET IFX > | | -

GaN HEMT published o - * } 1

—_
T
vyEemo

(Q mmz)
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e High-Voltage Unipolar (!) Devices > Excellent Switching Performance

m J . h
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Monolithic 600V GaN Bidirectional/Bipolar Switch

| A PowerRAMERICA Program — Based on Infineon’s CoolGaN™ HEMT Technology (iﬁneon
m Dual-Gate Device / Controllability of Both Current Directions
m Bipolar Voltage Blocking Capability | Normally On or Off

b — —_
Z 14—~ 2= 400f 4~
- 400 e : 2
> = = N =
y g 200 25 g 2000 2 3
l(‘_‘) = S 0 0 = S o = 0 =
= 200 “+++R-b—_2 % - ; E
S -400 4= Z -400L 4=
¢ 2 0 2 4 6 8 w2 0 2 4 6 8
Ve < 400 1o T AT =
Veist Gate1  Gatez Vo2 & - & _,,._F——‘F-F-F"’- —
Source/ G1) (G2) Drain/ & 200 22 & 200 2 2
Drain p-GaN Source ) = ) g
(51) (52) & = = =
i-AlGaNL] = = 0 = = 0 0 =
i-GaN .= 5 = 5
=i -2 = -200 -2 £
Buffer layer = = = =
Panasonic Si substrate ‘E | | -4 z % 400 { - 4 =
e @ 0 2 4 6 8 “« 0 2 4 6 8
Time ¢ (ps) Time t (ps)
® Analysis of 4-Quardant Operation of Rys,,)= 140mQ) | 600V Sample @ + 400V sl
N

e Supd
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Example of 3-Level T-Type Inverter

m Utilization of 600V Monolithic Bidirectional GaN Switches
m 2-Gate Structure Provides Full Controllability
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e Factor 4 (!) Reduction of Chip Area vs. Discrete Realization
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Circuit Parasitics

m Extremely High di/dt

m Commutation Loop Inductance L an Ui
m Allowed L, Directly Related to Switching Time t, > L < T - at,—
_L I L
L, z
a=0.1
LS T — LM —
f; = 100ns P d
/
100nH
" =5
al, _ LA
Ui 10nH f——— = ‘Z—:—;—' —
/| N Paralle
Connectian
fp———— | 9 InH | ‘ :1-' bfl
0.1Q 1Q 10Q 100Q =

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents (Z-Matching)

ETHzurich
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3D-Packaging / Heterogeneous Integration

m System in Package (SiP) Approach
m  Minim. of Parasitic Inductances / EMI Shielding / Integr. Thermal Management
m Very High Power Density (No Bond Wires / Solder / Thermal Paste) VICOR
m PCBs Embedded Optic Fibres Source: —jp——"—r
m Automated Manufacturing
2.1in? and 34 W/in? 0.57 in> and 105 W/in?
72 Watts 60 Watts

- 2.3 > <—0.65"—»
1.26 in? and 26 W/in? 0.57 in? and 105 W/in?
33 Watts 60 Watts

e Future Application Up to 100kW (!)
e New Design Tools & Measurement Systems (!)
e University / Industry Technology Partnership (!)

- 13" > <+—0.65—»

ETHzurich
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Future uP Chip-Stack Packaging

m Slowing Transistor Node Scaling - Vertical & Heterogeneous Integr. of ICs for Performance Gains

m Extreme 3D-Integrated Cube-Sized Compute Nodes
m Dual Side & Interlayer Microchannel Cooling

Fluid connection

- CMOS, beyond-CMOS
- logic, cache

1/0 layer:

- Si-Photonics
- electrical I/0
- power FET

Glassfibre
array

Modular interposer:
- fluid cavity
- passives

- alignment features
Land Grid Array 9

e Interposer Supporting Optical Signaling / Volumetric Heat Removal / Power Conversion

ETHzurich

Heterogeneous chip stack:

Optical o
signalling: tgl:::gg
Heterogeneous
""" chip stacks
CarrICool
interposer
............ with power
conversion
Ne AR
NYY -
CarrICool S
CPS5S
7
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Digital Signal & Data Processing

m Exponentially Improving uC / Storage Technology (!)

— Extreme Levels of Density / Processing Speed

— Software Defined Functions / Flexibility
— Continuous Relative Cost Reduction

e Distributed Intelligence

Transistor number per chip

Moore’s Law

lvy Brid
10° Gulftown Core 6 g‘” g€
Sandy Bridge
108 AMD K10 @ Core i7
AMD K8 Core2 Quad
Core2 Duo
AMD Athlon Core Duo
107 Pentium M
AMD K6 Pentium 4
Pentium IlI
Pentium Il
Pentium Pro

6

10 486 __Pentium
MC68020 i860
80386
10°
80286 MC68000
8086
104
8080
8008

103 4004

1970 1980 1990 2000 2010 2020

Year of introduction

e Fully Digital Control of Complex Systems — Electrical/Optical/Wireless Signal Transfer
e Massive Comp. Power - Fully Automated AI-Based Design / Digital Twins / Industrial IoT (IIoT)

an
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Automated Design (1)

Based on Mathematical Model of the Technology Mapping
Multi-Objective Optimization - Best Utilization of the “Design Space”
Identifies Absolute Performance Limits - Pareto Front / Surface

Design Space

Performance Space

e (larifies Sensitivity Ap / Ak to Improvements of Technologies
e Trade-Off Analysis

s >p

an
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The 1st |EEE International Power Electronics
and Application Symposium



S1C I Power Electronic Systems
| = Laboratory

ETHzurich

Automated Design (2)

m Design Space Diversity
m Equal Performance for Largely Different Sets of Design Parameters (!)

——
(x,k);

(J?,f'?)n

/\“// Py

Design Space

- Optimize
< Understand

Performance Space

an
13 /52 Wit

s >p

e E.g. Mutual Compensation of Volume or Loss Contributions (e.g. Cond. & Sw. Losses)

e Allows Consideration of Additional Performance Targets (e.g. Costs)

The 1st IEEE International Power Electronics

and Application Symposium
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Design Space Diversity — Example

m Design of a Medium-Frequency Transformer
m Power Level & Power Density = const.
m Wdg./Core Loss Ratio, Geometry, n etc. as Design Parameters

Diversity / Semi-Numerical / Free Ratios

Power Density / Efficiency / Frequency 350 16 8 8 11 5 3 7 180 100 100.0
100.0 —] — 200
|fopt,0 /3| |jl-3pt,0/2| |fopt‘0| 100
99.8 — T T
50
= —
= 99.6 N
£ 20 T <
= 994 oy
o
99.2
AT= AT >
99.0 . 2
5 10 20 50 100 0 0 0 0 0 0 0 0 0 0 99.5
p kW] kHz 1 1 1 1 1 1 Amm> mT K %
f n Xew Xe Xy Fy Vew JRMS Bpk AT n
Xew = Al Aw, Xe=z /21, Xy=hy/dy (— Optimal =~ Min. Freq -=- Max. Freq. == Var. Range Input Var. Output Var.]

e Mutual Compensation Core & Winding Losses Changes

e Limits on Part Load Efficiency / Costs / Fixed Geometry —> Restricted Diversity
s&:
CFP5S
S

ETH:urich IEEE PEAS 2021

and Application Symposium
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Design Automation Roadmap

m End-to-End Horizon — Cradle to Grave/Cradle — Modeling & Simulation
m Design for Cost [ Volume | Efficiency [ Manufacturing | Testing [ Reliability / Recycling

Autonomous Design > Design 4.0

— Independent Generation
of Full Designs for Final
Expert Judgement

Q

Augmented Design

- Suggestion of Design
Details Based on
Previous Designs

Assisted Design

— Support of the User with
Abstracted Database of
Former Designs

State-of-the-Art ——

- User Defined Models
and Simulation /
Fragmented

e AI-Based Summaries > No Other Way to Survive in a World of Exp. Increasing # of Publications (!)

ETHzurich
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X-Concepts

Modularization
— Functional Integration —
Syne qutrc Association
bridization
; Decentralrzatmn

ETH:zurich IEEE PEAS 2021
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X-Concept " Modularization

ETHzurich

The 1st |EEE International Power Electronics
and Application Symposium



Power Electronic Systems A
|-I E 5 Laboratory 16/ 52 I%l

Scaling of Multi-Cell/Level Concepts

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology to HV

o f 400V
> sw
J3 U 0
3 8f.L
Ul Lr 2
. / -400V

A 1 - 20 A

L L 1 20a L

(<20 =

P 0 10 15 t[ms]
Ul L+ e 400V —

or .

200V
‘ JH AU(:’n-lax,N =l2(i)2L ! !
! 2 v om0 W o | bt o i | |
0O 2 4 6 8 10 12 14 16 f[kHz]
-fSW N'-fSW

e Scalability / Manufacturability / Standardization / Redundancy

ETHzurich
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SiC/GaN Figure-of-Merit

m Figure-of-Merit (FOM) Quantifies Conduction & Switching Properties
m FOM Determines Max. Achievable Efficiency @ Given Sw. Frequ.

10
1 10 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e I |

FOM=—"—— 3 _jig;;g;,_;e;m;s;;;;q.\;;;:';;;;:
Rds,onQoss . o ey - - - e Wolfspeed

P 10°
,@-
=
108

107

Rated Voltage - Vgsmax (V)

e Advantage of Multi-Level over 2-Level Converter Topologies

ETHzurich
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X-FOM of ML-Bridge-Legs

m Quantifies Bridge-Leg Performance of N-Level FC Converters

an
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m Determines Max. Achievable Efficiency & Loss Opt. Chip Area @ Given Sw. Frequ.

____________
4444
-~

ML Advantage

X-FOM /GHz)

ML (N=6)
Benefit <0

N= # of Levels -1
10° . i
o D—FOM(U,)
® SiC - =
_ A GaN " JRLU,C,,(U,)
% 102 L] i i ]
-
= Q2L (N=6)
E I}}‘uoﬂt x1.5
e e — P
C') 10
Inﬂ L -
10% 0%
Uy (V)

e Compared to 2-Level Benchmark
@ Same Filter Ind. Volt-Seconds

10° 10t

Ug (V)
Nt
~
~ 1.2 =
= 1/ N--< P semi,min,2L - )
~ N1.2 A)
chip,2L =
-

The 1st |EEE International Power Electronics

and Application Symposium
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3-® Hybrid Multi-Level Inverter

m Realization of a 99%++ Efficient 10kW 3-O 400V, ,Inverter System

r

m 7-Level Hybrid Active NPC Topology / LV Si-Technology

7 Level

ANPC FC
Stage Stage
(50/60 Hz) (fow)

e 200V Si - 200V GaN Technology Results in 99.5% Efficiency

ETHzurich
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Quasi-2L & Quasi-3L Inverters (1)

m Operation of N-Level Topology in 2-Level or 3-Level Mode .
m Intermediate Voltage Levels Only Used During Sw. Transients AP

o Controlledas NV Controlled as
single switch ~ single switch
-/ ff -
v . ) Controlled as
|_° _________________ High capacitance |.° single switch
| flying capacitor
L
5 I -
v _ | || v L
()l de T ) :_‘__________ . C)l de _-C,,
/ lﬂ Controlled as ,///
Only for transient single switch Only for transient
voltage balancing F / voltage balancing F

e C(lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

ETHzurich
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Quasi-2L & Quasi-3L Inverters (2)

A\ IR D
m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode FAIPED
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters
3.3kW @ 230V, /50Hz
Equiv. f= 48kHz

° 3.5kW/dm?

i ??ﬁ EFF Yoo
| % o,

LD = =T I == :;E . X _JLC ;; ) X
g lE T %

EE T
- Iy L
EMI Filter ) ; 'ﬁi , zEE

e Reduced Average dv/dt > Lower EMI
o (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Rys,,/Low $ MOSFETs > High Efficiency / No Heatsinks / SMD Packages

ETHzurich
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Quasi-2L & Quasi-3L Inverters (3)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

— Q-FCVoltage (Uncntrl.)

e Reduced Average dv/dt > Lower EMI
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry, /Low $ MOSFETs > High Efficiency / No Heatsinks / SMD Packages

The 1st |EEE International Power Electronics
and Application Symposium
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2-Level vs. Multi-Level Inverter

m Exampleo kf |e Little Box Challenge
m Target: 2kW 1- CD olar Inverter with Worldwide Highest Power Density
m Comparative Analysis of Approaches of the Finalists

2-Level Converter Full -bridge Unfolder

EMC
Load
Filter

fs=140kHz

=)

O O O
A W

Efficiency (%)

\O
W

O O
— N

EMC
. Load
Filter

fS,eﬁ = 6 x 120kHz = 720kHz Source: R. Pilawa-Podgurski

O
o

100 150 200 250 300
Power Density (W/in®)

i
[en

e 3D-Packaging / Integration Highly Crucial for Utilizing Multi-Level Advantages (!)

ETH:zurich IEEE PEAS 2021
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and Application Symposium
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m Example of Google Little Box Challenge
m Target: 2kW 1-O® Solar Inverter with Worldwide Highest Power Density
m Comparative Analysis of Approaches of the Finalists

O O
W N

Efficiency (%)
O O
© K

O O
— N

O
o

100 150 200 250
Power Density (W /in?)

i
[en

300

2-Level vs. Multi-Level Inverter

ETH:zurich
Little-Box 2.0
240 W/in3
97.4%

j{iLLINOIS

215 W/in3
97,6%

Source: R. Pilawa-Podgurski

e 3D-Packaging / Integration Highly Crucial for Utilizing Multi-Level Advantages (!)

ETHzurich
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2-Level vs. Multi-Level Inverter

Y Remark |

|

m 400kW Extreme Fast EV Charger | 3-® 13.2kVAC > 1kV DC
m Input Series Output Parallel (ISOP) Solid-State Transformer

m Alternative Low-Frequency Transformer & AC/DC Converter
13.2kV '

converter cell

RST
i{i/MVﬁlter /
B  EaRERRE | En Em%gjg E
B EneE e I EnmE i 1N
T [ (] e [ 1 [ (W (] 1 [ e [ e [
1200 V SiC 1B R IEneE e EnmEIs B BN
MVACH3—®‘|®3L}AC L Lvpe B el EneERc e IEInmEIea L BN
DC T . [ / lr:} [
MYV phase stack
= | kV

e 1.2kV SiC MOSFETs Utilized in Both Systems
® 3x9=27 AC/DC—DC/DC Cells / 3-Level PFC Input Stage & Full-Bridge DC/DC Output Stage

ETHzurich

The 1st |EEE International Power Electronics
and Application Symposium
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2-Level vs. Multi-Level Inverter

m 400kW Extreme Fast EV Charger | 3-® 13.2kVAC > 1kV DC
m Input Series Output Parallel (ISOP) Solid-State Transformer

100%

98% ;/_de__—:—;ﬁ o= —a €& n=0.98

96% 4

94%

92%

|
|
|

90%

88%

86%

84%
0% 20% 40% 60% 80% 100% 120%

. % Full Power (400 kW)
13.2kV AC input AC Input Cabinet |  Converter Cabinets | Control Cabinet

e Forced Air Cooling
e 3x9=27 AC/DC—DC/DC Cells

e 98+ % Efficiency | 3000kgs Weight | 3100 x 1300 x 2100 mm Outer Dimensions e

N2/
ETH:zurich IEEE PEAS 2021

The 1st IEEE International Power Electronics
and Application Symposium
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| EEETRY  2-Level vs. Multi-Level Inverter

400kVA EcoDry™ High-l:g‘icienc‘y Transformer & AC/DC Converter
Vacuum Cast Coils No Fire Hazard

Amorphous Metal Core > Low No-Load Losses

High Overvoltage / Overload Capability

1'000 kVA reference  100,0%
case

c‘_:>:‘ e
995% -.0
= /..-———— 1 ——-—._._____________-
— EcDDryz:s" 99.0% _w — —— T e p—
EcoDryY'= ~ —_
oo . // _~ Nac/oc = 0-99
= = Standard 98.5% / _
98,0% " —
97 5% t : } 4 } + } : |
0% 20% 40% 60% 80% Load 100%
1200 V SiC

A —
MVAC LVDC
DC T o

® 400kVA - 1400 x 750 x 1500 mm Quter Dimensions
e Utilizing SST SiC MOSFETs in AC/DC Stage > 99++ % Efficiency
e Higher Efficiency / Power Density / Robustness of LFT-Based Concept (!)

ETHzurich
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Functional

X-Concept Integration
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Buck-Boost 3-® Variable Speed Drive Inverter

m Generation of AC-Voltages Using Unipolar Bridge-Legs
m Utilize Filter Inductor for Boost Operation - Functional Integration
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e Switch-Mode Operation of Buck OR Boost Stage > Single-Stage Energy Conversion (!)
e 3-O Continuous Sinusoidal Output / Low EMI > No Shielded Cables / No Motor Insul. Stress

ETHzurich
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Boost-Operation u,, > U,

®, ®

m Phase-Module

. )i ([(Boost Regime ] | Buck Regime
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e (Current-Source-Type Operation
e (Clamping of Buck-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion
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Buck-Operation u,, < U;

m Phase-Module
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m Motor Phase Voltages
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e loltage-Source-Type Operation
e (Clamping of Boost-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion
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SiC 3-® Buck-Boost Inverter Demonstrator

e DCVoltage Range 400...750V
e Max. Input Current + 15A
e Qutput Voltage 0...230V,,,. (Phase)
e OQutput Frequency 0...500Hz
e Sw. Frequency 100kHz J
200V/div
1V/div
Control

30 Output Board DC Input

Main
Inductors

m Dimensions - 160 x 110 x 42 mm? * = 245 W/in3

ETHzurich
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Isolated Matrix-Type 3-® PFC Rectifier (1)

m Based on Dual Active Bridge (DAB) Concept
m Ingegration of 3-® PFC Rectifier & DC/DC Converter Stage
m Opt. Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS
m Allows Buck-Boost Operation
p
u iy Li c__z H H _i i nJ: oJ
b — f t’l’ Lmi '. |. " ;l__ \um
c 0—-__ 1 i(, » H NP/N; e
| GTTT %g %g %g Jag
N —o
/ - Y a
uf uS % :'I'i‘?':__ '1L|) t-z \ u:
5 N _T 1 i A o .
— | T N "
\ ’LP L / /1 | \ | I |
s [T + L \ /
up CIH? %ﬂ) ué —uah___h __f‘l._ — 2 :
- — T Uge- ..—:
—Uac+ ta :
e Equivalent Circuit e Transformer Voltages / Currents
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Isolated Matrix-Type 3-® PFC Rectifier (2)

m Efficiencynn = 99% @ 60% Rated Load (ZVS)
Mains Current THD; = 4% @ Rated Load
m  Power Density p = 4kW/dm?3

P,= 8 kW
Uy= 400V, > U,= 400V,

f s = 36kHz
Gate Drivers \

ZYNQ 7000

Transformier System on Chip

with Leakage

Input

- / Filter

Direct Matrix Converter
Heat Sink
Full-Bridge

e 900V / 10m() SiC Power MOSFETs
e Opt. Modulation Based on 3D Look-Up Table

ETHzurich

Efficiency in %

99.5

©
©
=)

98.5
98.0
97.5
97.0

99%
i a
i Ffow = 31KIIz
» Jsw = 36kHz
Jsw = 41kHz
fsw = 50kHz
B sw = 60kHz
I
2 6 10 14 18 22
Output Current in A
10A/div
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3-Port Resonant GaN DC/DC Converter

Single Transformer & Decoupled Power Flow Control
Charge Mode PFC - HV (250...500V) SRC DCX / Const. f,,, Min. Series Inductance / ZVS

|
|
m Drive Mode HV - LV (10.5...15V) 2 Interleaved Buck-Converters /ar.f,, /2ZVS
m P=3.6klW

PFC.gJH% L i prC iT Y —[HV.a %

VPFCt() |vrprC ii vrav) ‘ | ()jVHv
3 ok

PFC.ng T T HV b

o
- -
'@
¥

® Peak Efficiency of 96.5% in Charge Mode / 95.5% in Drive Mode
e P(B-Based Windings / No Litz Wire Windings - Fully Automated Manufacturing

ETH:zurich IEEE PEAS 2021
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Low-Loss PCB-Winding Inductor

m Conv. PCB Windings & Airgaps - Skin / Proximity / Fringing Field - to PCB - Current Displacement
m Arrangement of Airgaps for Mutual Field Compensation
m Thermal Interfaces for Efficient Cooling

200 180 T T T
1801 — PCB Winding Only © FEM — Calculation
— PCB Inductor (N95) 160 O Simulation

. 160}| — PCB Inductor (N49) © FEM = 1 |V _e=mTTT7]
G 140F 1 Thermal Interface - .
£ 140} L == NOE -

g Winding /‘f \'\ O 120k % _-- J
o120 - s -

A Core Loss\ei =z -7

g 100+ -7 .
= -,
; /- ——————— 5 sobe” .
= ~45% b\ ° 2
— N49 S ol 4 Thermal Interfaces 4 N T i
fsg Estimated QE) % Hot Spot w
= Copper Losses = 40 T/Q___L__Q\U/Q___L__KT

0 | 1 1 | 20 1 1 1 1 1
0 100 250 500 750 1000 0 % T
Frequency f _ (kHz) Angular Position ¢ (rad)
e Optimal Positions & Wdg Distance of Airgaps for Multi-Airgap / Multi-Layer Inductors P
e Factor of 3 Red. of Skin & Prox. Losses cPss

N
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Synergetic

X-Concept
P Association
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3-® EV-Charger Topology

Isolated Controlled Output Voltage

Buck-Boost Functionality & Sinusoidal Input Current
Applicability of 600V GaN Semiconductor Technology
High Power Density / Low Costs

S 3¢ | AC/DC DC/DC N O\Y
Grid Vienna Rectifier 5 Stage i Battery
‘mm- ' . M .
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L ! Dax% % } > DC ——»-0——
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—> Conventional / Independent OR “Synergetic Control” of Input & Output Stage

m J . h
The 1st IEEE International Power Electronics

and Application Symposium
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Synergetic Association

i/
\
m 1/3-Modulation -> Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM ~ @_’.
'’
A
m Conduction Losses of the Switches = -80% | . ¥
m Switching Losses = -70% o ‘
= 400 f
Eﬂ 200 F
g 0
S 200
-400
. 1
Ea
3¢ | AC/DC DC/DC P EV A
Grid Vienna Rectifier ; Stage i Battery 50
: M = o5f
iX X | ad io P %r:c 0
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e Operating Point Dependent Selection of 1/3-PWM OR 3/3-PWM for Min. Overall Losses
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X-Concept Hybridization
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Integrated Active Filter (IAF) PFC Rectifier

m Hybrid Combination of Mains- and Forced-Commutated Converter
m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — 3-@ Unfolder

Upn fpn
lo
. e,

o0 oo~ 0%

=0

n

LC—-% of _

0 1200 (M)
3 (4
¥

2 Py=const. Required
—> Sinusoidal Mains Current

e Non-Sinusoidal Mains Current - NO (') DC Voltage Control

ETHzurich
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IAF PFC Rectifier & Buck Converter Demonstrator

m  Efficiency n > 99.1% @ 60% Rated Load . o
m  Mains Current THD, = 2% @ Rated Load 5 200
m  Power Density p = 4kW/dm?3 & 0
§ -200
P,= 8 kW 400

U= 400V, > U,= 400V,
f; = 27kHz 20

—
=

FPGA Board

Gate Drivers

Current in A
o

-20 | | 1 1 1
0 60 120 180 240 300 360

wtin ©

Auxiliary
Supply

EMI Filter 2 |
Lix; Injection & 2
Buck Converter 5
Switches EE’ -
= —— Calculation Upy, = 400V
e SiC Power MOSFETs & Diodes 975 |- Calculation Upn =380V | |
o | e Measurement Uy, = 400V
e 2 Interleaved Buck Output Stages ¢ Measurement Uy = 380V
e (ontrolled Output Voltage 97.0 L0 A Ty B E—
00 10 20 30 40 50 60 70 80 90 S
Output Power in kW Eg%g
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Partial/Differential Power Processing

m Reduced Converter Rating

UC

D _Pc,l_ U,
c = - U,
P 1+

m Low Influence of Converter
Efficiency on Overall Efficiency

P, (+;m,)
P, (1+)

T]:

ETHzurich
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Pre-Regulated LLC DC-Transformer

m Aux. Converter Stage for + 10% V,, Compensation | V;, = 340V ... 420V
m Const. Voltage Transfer Ratio / H1gh Efficiency LLC «DC/DC Transformer» @ Const. Frequency | f,, = 100kHz
m Const. Output Voltage | V, .= 48V

HV-Side LV-Side

I, ‘ Inverter FB Rectifier FB L I 7
onlo 2 averter =5, LLC Resonant Tank e ' 0 g WINRKLLIDY 99
J;} J;} L ) ij Jﬂj HV-side PCB
[ - res 5 NI N] G i I—I . = TMS320F28335 o FB, - CoolGaN 981
i (¢ <97k
4 - V< vl‘-ml Lin lvr‘ ll"n ) T = 4 t é
G o ” Vsw ¢ Cou E, 96 |
5 G oo < ; ) 3
R R B3 o
o— = G m 94} 1 1 —
—o—P3DCT
PR, i 93 ——LLC |1
3 b aux
92 L i i i " "
kg LC, 250 500 750 1000 1250 1500
SR v, y Power (W)
3 l s Partial-Power
R T

G Converter .
* = 140 W/in?

Partial-Power Pre-Regulation (P*) Converter

® Rectangular Aux. Voltage Added or Subtracted (f,,,= 600kHz) from V;
e Marginal Impact of Control on Overall Power Dens1ty & Efficiency
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1-® AC/DC—DC/DC Solid-State Transformer

m Bidirectional 3.8 kV,,. 1-® AC = 400V DC @ 25 kW Power Conversion
m Based on 10 kV SiC MOSFETs
m Full Soft-Switching

Isolation Stage
Operating Frequency

R v
10kV SiC H-Bridge 4 N\ 1.2 ———————7 \/Z
c

l_gmkv SiC _]3 10kv Siﬂ} 1.2kV Si% ° Lo 9=
i L L, o i = .9 J 5 ' /m
AN

o]

Ur,
Uy

g . - Lb ) Lo C,- I_4 0.8
z'“’l Rfﬁ L ==|7xvDC ir — 400V DC ///]

e A ;g o 0 = L e

LCL Filter J:3 J:j == J:j |..._’—* |’,.,1 = 0.4 AN
- RV

’ ° 5 02 ~
iTCM Network 10kV Half-Bridge MF Transf.  1.2kV H-Bridge ~ éy Q:h\\—-_.

. J 0.0 ‘ -
00 05 10 15 20
* 3.3 I(W/dm3 * 3.8 kW/dm3 Relative Frequency ﬁ_o
e 35...75 kHz iTCM Input Stage ® 48 kHz «DC-Transformer» Output Stage
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Overall Performance AC/DC — DC/DC

m Full Soft-Switching
m 98.1% Overall Efficiency @ 25 kW
m 1.8 kW/dm? (30 W/in?)

99.5

99+

98.51
98.1%

O
~
i

Total Efficiency

97+

Efficiency [%)]

nsulation 94. 50
transformer

5 10 15 20 25 30
Power [kW]

e Significantly Simpler System Structure Compared to Multi-Module (ISOP) SST Approach

ETHzurich
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Hybrid EMI-Filter / Leakage Current Reduction

m Future Extension of EMI Limits — 9kHz ...150kHz | IECTS 62578 Tech Spec. for Active Infeed Conv. Applications

m Earth Leakage Current “Compensation”
m Conducted CM EMI Filter

QP Limit (dBuV)

140 T T T T -
.......... VDE 0871 A —&— CISPR 11 Class A
[ —-— IECTS 62578 C1 ~ —o— CISPR 11 Class B
120 == s ~ « < [ECTS 62578 C2  =—o— IEC 61800-3 PI .
T S EET IEC TS 62578 C3 IEC 60533 General
. —— IEC 60533 Bridge
100 —A— CISPR 15 4
80 A .
=
60 —— " ———
\"J\ o e
40 1 1 1
9 150 500 5 30
kHz kHz kHz MHz MHz
[ ]

e Attenuation of Cond. EMI Emissions in Wide Frequency Range 30/40/15dB @ 4/10/150kHz

Power drive
system

EMC filter

Long motor
¢ cable @

Leakage currents

LeaXield™

Prevents Unintentional Residual Current Device (RCD) Tripping w/o Isolation Transformer

CPSS
N

e Supd
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X-Concept Decentralization
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Networking Scaling

m Metcalfe's Law

— Moving from Hub-Based Concept
to Community Concept Increases
Potential Network Value
Over-Proportional > ~n(n-1) or
~n log(n)

Value

PO Nedey
?/\. ‘ /\ A

* o s |
© e ) e} ®
) P ® o
© © o)
© ° ®
o .
3 10 21 36

ETHzurich
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600
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300

150

W Number of nodes W Connections
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IIoT in Power Electronics

m Digital Twin > Physics-Based “Digital Mirror Image”
m Digital Thread -> “Weaving” Real/Physical & Virtual World Together

FEA Model
CAD Model

FMEA Digital Twin Physical Asset

Real Time
Operational Data

Y ¢ '
Maintenance - —

History
Operational 4 Physics Based Models
History 4 + Statistical Models

Fleet Aggregate + Machine Learning
Data

® Requires Proper Interfaces for Models & Automated Design
e Model of System’s Past/Current/Future State > Design Corrections / Predictive Maintenance etc.

ETHzurich
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IloT Starts with a Sensor (!)

m Condition Monitoring of DC Link Capacitors

m On-Line Measurement of the ESR in “Frequency Window” (Temp. Compensated)

m Data Transfer by Optical Fibre or Near-Field RF Link

C Rpse Lisy
—{-—
-

——

U AL B LU SR EESL LU BRI mEEai el
Zs | Sc=t0sc L
1 F - 20
[o] SN ZC|3700h 77 [A]
01 N | ZC‘NEW A0

h | /RESR 7

Y J“l MMM,‘__M o

10 Hz 100 Hz 1 kHz 10 kHz 100kHz 1 MHz 10 MHz

m Possible Integration into Capacitor Housing or PCB
m Additionally features Series Connect. Voltage Balancing

ETHzurich

ST ==

¥ gy

Source: Prof. Ertl
TU Vienna, 2011

= Micro- P
CONTROLLER DC LINK
BUS BARS
+
. —

Rsy |
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ELECTROLYTIC CAPACITOR
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Source: R. Sommer

SIEMENS
+ * Passive Components Intelligent Gate Drive Unit
(Filter, dc-ink, -..) « Semiconductor protection (overcurrent, overvoltage, ...)
Sensors e Collecting and preprocessing of sensor data (current,
(SR VR S voltage, temperature, ...)
Power Semiconductors * Semiconductor specific condition monitoring functions

Internet
Gateway
A

] (IGBT, SiC ...)
>F  Gate Drive unit (GDU)
(e.g. intelligent digital GDU)

Sensors
(Speed, Temp.)

Customer
Automation

Internet
Gateway

Internet
Gateway

e On-Line Optimization / Protection / Monitoring on Component | Converter | Drive | Application Level é:;s\'s
N
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“Moore’s Law” of Power Electronics

m “Moore’s Law” Defines Consecutive Technology Nodes Based on Min. Costs per Integr. Circuit (!)
m  Complexity @ Min. Comp. Costs Increases approx. by Factor of 2 / Year

Economy of L
ower
Scale —> <— Yield
108
1962 >2015: Smaller
Transistors but Not
104 \/ , any more Cheaper
o
% 103
o
s 102

Relative Mar

1 10 102 108 10¢ 105 fP*

Number of Components Per Integrated Circuit

e Potential Power Density Improvement — Factor 2...5 Until 2030
e Definition of “n *p %o *f,*- Technology Node” Must Consider Conv. Type / Operating Range etc. (!)

ETHzurich
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Future Development

m Commoditization / Standardization
m Extreme Cost Pressure (!)

“There is Plenty of
Room at the Top” > Medium Voltage/Frequency

Solid-State Transformers

Standard / 1L 100kw
Integrated .-~

Solutions T
A° System
10W J Applications

“There is Plenty of
Power-Supplies on Chip €< Room at the Bottom”

e Key Importance of Technology Partnerships of Academia & Industry

ETHzurich
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NEW
PARADIGM
AHEAD
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Power Electronics 2 “Energy” Electronics

& |
m Design Considering Converters as Standardized “Integrated Circuits” (PEBBs) ’{Q, Z s "{g
m Extend Analysis to Converter Clusters / Power Supply Chains / etc. Qe /
N&,
— “Converter” > “Systems” (Microgrid) or “Hybrid Systems” (Automation / Aircraft)
“Time” - “Integral over Time”
— “Power” - “Energy”

O ip(t)dt

— Power Conversion - Energy Management / Distribution

— Converter Analysis > System Analysis (incl. Interactions Conv. / Conv. or Load or Mains)
— Converter Stability > System Stability (Autonom. Cntrl of Distributed Converters)

— Cap. Filtering - Energy Storage & Demand Side Management

— Costs / Efficiency > Life Cycle Costs / Mission Efficiency / Supply Chain Efficiency

etc.

The 1st |EEE International Power Electronics
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Energy Electronics Systems
Performance Figures/Trends

v
Supply Chain
& PPYY v . State-of-the-Art
Missi Manufacturing &
ission Recycling Effort
m Complete Set of New Energy Loss : Floorspace
Performance Indices Requirement
Total Cost of Fallure Rate
— Power Density [kW/m?] OW”e’”ShlP
— Environmental Impact [kWs/kW]
— TCO [$/kW] Future
— Mission Efficiency [%]
— Failure Rate [h-1]
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Thank you!
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