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Basic Concept

Pulse-Width Modulation
Time/Frequency Domain & Filtering
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Pulse Width Modulated Converters
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e Switch-Mode Voltage Formation — Subsequent Filtering
e Higher Sw. Frequency -> Smaller Filter Components (Limited by Sw. Losses, Signal Processing etc.)

ETH:zurich

=PrL —



=IC I~ Power Electronic Systems 2/54 ——
I = Laboratory

Converter Topologies

115 VAC L-N, 400Hz
m Multi-Cell Approach 74
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m Types of Power Conversion
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— Magnetics

—> There is No “Moore's Law” in
Power Electronics !

m E.g. Scaling Law of Transformers
m Size Related to Transferrable Power

'ms +-- Limited (Material

B, ... Limited (Material
J
f ... Limited (HF Losses)

e Slow Progress in Material Science
e New Materials > 10 Years

ETH:zurich
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m DC Voltage Ensures Max. Utiliz. of Isol. Voltage

4/56 ——

— DC vs. 3-® AC Power Systems

—> Highest Voltage RMS Value / Lowest Current (!)

m Quadratic Dependency of Losses on Voltage Level —> Reduction of Conductor Cross Section

e g Rac
ip —
PV,AC =3'(3—)2 ¢
Ry
P, ,c=2-(—)"R, —
( 2U,, ) S)|tbe
S|Voc
PV DC 3 UAC
’ =0.75
PV,AC 2 ( U ) |UDC=\/5 Uac

m DC Voltage Level Transformation Requires Power Electronics Interfaces

Conductor Cross Sections
for Same Losses

48V DC

+380V DC

m DC Fault Current Clearing is Challenging (Missing Regular Current Zero Crossing)
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Wind Energy

m Power prop. D> - “Bigger is Better” / Lower Relative Costs
m 50kW (D=15m) in 1980 - Up to 20MW (D= 250m) in Future

12MW

5/54 —
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—> Wind Turbine Electrical System

— 690V Electrical System - Cabling Weight/Costs & Space Requirement
— Future Local Medium-Frequency Conv. to Medium-Voltage AC or DC

43 +3
| Low-
AC Voltage
DC Cable
""' | Medium-
DC Voltage
AC Cable
T MvAC T MVAC
» Conventional - On-Shore System » Future - Off-Shore System
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—> 0ff-Shore DC Collector-Grid

MVAC

~

@AC T-{DC @
DC AC

-3

LFT

DC AC

m Conventional AC Collector-Grid

m DC/DC-SST — WT DC-Link to MVDC Collector Grid > Lower Losses
m DC/DC-SST — MVDC Grid to HVDC Transmission -> Lower Losses

ETH:zurich
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Utility-Scale Solar Power Plants

m Medium-Voltage Power Collection and Transmission

m  Globally

U
Installed PV . 4‘ \4“‘
L SRS
Forecasted to OO s = |
A >\ AT\

2030 (IEA)
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—> Future DC Collector-Grid

m DC/DC SST for MPPT &
Direct Interfacing to
MV Collector Grid

m 1.5% Efficiency Gain
Compared to Conv.
AC Technology

ETH:zurich
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Zero" ¥ %, Datacenters
— Ranging from Medium Voltage to Power-Supplies-on-Chip Server-Farms
— Short Power Supply Innovation Cycles 90 05b 0 433?0';’1 /\g’
— Modularity / Scalability $1.0 Mo o
— Higher Availability Since 2006
— Higher Efficiency Running Costs >
— Higher Power Density Initial Costs

— Lower Costs
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— Future Modular SST-Based Power Distribution

m 5...7% Reduction in Losses & Smaller Footprint
m Improves Reliability & Power Quality

— Conventional
AC ppy . Rack
LFT — UPS - ‘,\_ = 380...410V = Server
D 208V ‘A D
AC 35kV© | 480V , 480V DC 12V VRM
3 AC ‘3 AC DCT AC| 3 AC AC \»\L DC l Dc| DC |
- | PSU =+ :
— Future Direct 3-® 6.6kV AC > 48V DC
Rack
AC - -
: E-S—Sf —————————————————————————— — II_CT&
416kV 416KV J[AC AC/): A8V 0a
AC— # : —O)— :
3 AC [ 3 AC | /Ac DC|i DC
)

m MV > 48V —>1.2V - Only 2 Conversion Stages from MV to CPU-Level (!)
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Sustainable Mobility

m EU 2020 CO, Emission Targets for New Cars

— 147g €0, /km for Light-Commercial Vehicles

— 95¢ €0,/

» Hybrid Vehicles
» Electric Vehicles

ETH:zurich

CO, [in g/km]

m for Passenger Cars
— 100% Compliance in 2021

12/54 ——
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-> Ultra-Fast EV-Charging

m Medium Voltage Connected Modular Charging Systems
m Very Wide Output Voltage Range (200...800V)

— E.g., Porsche FlexBox incl. Cooling
— Local Battery Buffer (140kWh)
— 320kW - 400km Range in 20min

ETH:zurich eprl —
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—> Bidirectional MV-Interface

m Conventional

LEFT

AC DC
AC
3 DC DC
m Future
SST
[aC AC DC
AC —— - O)—
3 /AC DC DC
SS T
[AC DC AC,
AC —— - O)— :
3 DC AC Dl

e On-Site Power / Energy Buffer > , Energy-Hub”
e Power / Energy Management —> Peak Load Shaving & Grid Support [ Stabilization

ETH:zurich
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-2 Futuristic Mobility

m Hyperloop
m San Francisco - Los Angeles in 35min

S HYPERLOOP

POD COMPETITION
www.spacex.com/hyperloop

\ ‘. ‘-. \ /

e 60 yeu

5000ex

200um

» 8 Y )

80w

Low Pressure Tube
Magnetic Levitation
Linear Ind. Motor

Air Compressor in Nose
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Air Transportation

m Massive Steady Increase of Global Air Traffic Over the Next Decades

— Need for 70°000 New Airliners over the Next 20 Years (Boeing & Airbus)
— Stringent Flightpath 2050 Goals of ACARE - Reduction of C0,/NO,/Noise Emissions

GLOBAL AIR TRAFFIC (TRILLION REVENUE PASSENGER KILOMETRES)

Traffic is expected to double in the next 15 years

|

E B |2014'2024 % <——— [CAO total traffic | Airbus forecast 2015 ———»
14 — /
B — 2024-2034
S =
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% e | g% ,,,,,,,,, - i -
9 »
) e
_— — " —_— oo
-
b = /
P R R o
3 g
2 -
'I RS
0

1974 1979 1984 1989 1994 1999 2004 2009 2014 2019 2024 2029 2034

Source: International Civil Aviation Organization (ICAO)/Airbus 2015
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—> Future Aircraft

m Cut Emissions Until 2050
— €0, by 75%,

— NOX by 90%,

— Noise Level by 65%

NASA N3-X
~ Vehicle Concept
Turbo
Generators
E-Fans /
Continuous
Nacelle

e Wing-Tip Mounted Eff. Optimized Gas Turbines & Distributed E-Fans (“E-Thrust”)
e MV or Superconducting Power Distribution Integr. 1000Wh/kg Batteries (EADS-Concept)

ETH:zurich eprl —
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—> Future Aircraft Electric Power System

m MV or Superconducting Power Distribution Integr. 1000Wh/kg Batteries (EADS-Concept)

Storage Storage
Batt. 1 Gasturbine 1 Gasturbine 2 Batt. 2
SST ¢ 1 SST

S/G 1 S/G 2
3 3

16KV DC T

T+ +1.6kV DC
a )
l l P B ; —— T — ey 1SST l [ [
DC DC DC {pc] 5 i b/ [pe DC DC
AC AC Ac| | /Acl L iLAAC) AC AC AC
/D /Dc

Prop. Prop. Prop.
Fan 1 Fan 2 Fan 3

+270V DC
T

Prop. Prop. Prop.
Fan 4 Fan 5 Fan 6

—I_ +270V DC

GPU 1 Aux. Batt. 1 Aux. Batt. 2 GPU 2

e Generators — 2 x 40.2MW (NASA)
e E-Fans — 14 x5.7 MW (1.3m Diameter)
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Industry Automation

m Robotics

m Machining / Processing - Drilling, Milling, etc.

m Pumps / Fans / Compressors

m Transportation

| etC., etc. Yy EVEI'yWhere ! Source: (ﬁ‘rssm MOTORS

® 60% of El. Energy Used in Industry Consumed by Variable Speed Drives (VSDs)

ETH:zurich “PEL
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—> Future Integrated Servo Drive Systems

m State-of-the-Art

AC

AC

3

Control ~ -~ AC

AC

F'_"T"_‘L.‘_f'_"l

YASKAWA

m Future — Distributed DC-Link System o Power\ Network

3 AC 2
Control = — — 7 Dc--—"—‘—-—,I—-—T]_._.i .___||

Inverter
Stage

e SMART Motor — Integr. of Inverter & Motor > High Operating Temp.
e Smaller Size & Massive Saving in Cabling Effort / Non-Expert Installation

ETH:zurich “PEL —
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Required Improvements

Environmental Impact... [kge. /kW]
[kge, /kW]
[kgy /kW]
[em?g; /kW]

v State-of-the-Art

Weight / Volume

Failure Rate

Power Density [kW/dm?3]
Power per Unit Weigl}g [kW/kg]
Relative Costs [kW/$]

Relative Losses [%] Market
Failure Rate  [h]

Future

m Future - Cost/ Cost / Cost & Robustness & Availability & Recyclability

ETH:zurich “PEL —
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S-Curve of Power Electronics

m Power Electronics 1.0 > Power Electronics 4.0
m Identify “X-Concepts”/ “Moon-Shot” Technologies
m 10x Improvement NOT Only 10% !

Performance
» Super-Junct. Techn. / WBG
» Digital Power
Modeling & Simulation 3
Performance Replacement P Power MQSFETS & IGB.TS /
t s (Distuptive) Microelectronics
5 SRRy » Circuit Topologies

-— Mature

—

- Established

™~ Existing
Technology

» Effort / Time [ ]

» Modulation Concepts ,
Control Concepts )

TR Solid 55ng /DDiqdes /
Y olid-State bevices e
“\‘ / 1.0

22/54 ——
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History and Development of the _T

Electronic Power Converter P WU —

TRANSMISSION
LINE

l SAAS

E. F. W. ALEXANDERSON E. L. PHILLIPI

FELLOW AIEE NONMEMBER AIEE

Figure 1. Electronic converter, dual-con-

version type
HE TERM ‘electronic power con-
verter” needs some definition. The
object ‘may be to convert power from
direct current to alternating current for

d-c power transmission, or to convert 1 + : =
power from one frequency into another, -@@@ @@@ @@@
or to serve as a commutator for operat-

ing an a-c motor at variable speed, or for
transforming high-voltage direct current

into low-voltage direct current. Other
objectives may be mentioned. It is ot @ -@@@ il @@
thus evidently not the objective but the

J | 4

Figure 4  (left),
Single - conversion-
type frequency

means which characterizes the electronic
power converter. Other names have
been used tentatively but have not been
accepted. The emphasis is on electronic
means and the term is limited to con- */93- f

version of power as distinguished from ? MOTOR

electric energy for purposes of communi- HIGH-

cation. Thus the name is a definition. VOLTAGE OLTAGE
TRANS- MOTOR
MISSION é é C'RCU'T

1

Figure 5 (below).
D-c transformer

tee on electronics for presentation at the AIEE

summer technical meeting, St. Louis, Mo., Jug

30, 1944, Manuscript submitted April 25 944 H
made available for printing May 18, 1944,

E. F. W. ALexanDERSON and E. L. PHILLIPI are

with the General Electric Company, Schenectady, 654 TRANSACTIONS Alexanderson, Phillipi—Electronic Converter ELECTRICAL ENGINEERING
N.Y. '

Paper 44-143, recommended by the AIEE commit- '
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Operation Frequency Limit (1)

m Serious Limitation of Operating Frequency by HF-Losses

10

ETH:zurich

Core Losses (incr. @ High Frequ. & High Operating Temp.)
Temp. Dependent Lifetime of the Core
Skin-Effect Losses

Proximity Effect Losses

tH

-
AN RN
NR NN

\\\ \\ \
Supermendor CoFe 50% \\
Magnesil = SiFe 3% \\
Orthogonol = NiFe 50%
Permaloy = NiFe 80%
2714° = Co based

0.1

m Adm. Flux Density for given Loss Density

1 10

100
— [ /kHz

1000

5. Litze

,

24/54 ——

Source: Prof. Albach, 2011

3
Fz ,//
T /::Ps'm
! 'Y
rszr/\/ﬁ o UI
0 1 2 3 4 5
—» /5
10 ///
N,/
20 .87 ]
"/
40 /
74 7 7
=1 | 100 /
N 7 7
N A
J,=08
| I
10 100 1000

—>  //kHz

m Skin-Factor F, for Litz Wires with N Strands
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Operation Frequency Limit (2)

m Higher Frequency Results in Smaller Size only Up to Certain Limit (for MnZn Core-Based Designs)
m Optimal Converter Operating Frequencies < 1IMHz
m Difficult to Manufacture

100 T
aclid wire
—#—  {0-svend ry
—O0— 25ewand
66-cvand
—A&—  160chand T
& &= 405svand
t —— ieal ]
S X ¥
g 3
3 7
> i M. f
+ &
Transformer Volume & -
Weight vs. Frequency
o 100 1000 ° 100 1000 10060
Fraquency (kHz) Fraquency (kHz)
(a) Given Number of Strands, Temperature Rise = 30C, 3F3 EE (a) Given Numrber of Strands, Temperature Rise = 30C, 3F3 EE
100 - 100
. L E AWG #38.
—o0— AWG#38 : —e—  AWG ¥
o Awosiz H 5 el
B [~ AWG ¥a4
a —e— AWGS4 3 —a—  awc a4s §]}
—&—  AWG M6 H e
& —a—  AWG 48 [} ;‘:‘“‘
LSANTY T30 £ 10
E " 4 5 =
2 =
‘10 100 1000 10000 ‘lﬂ 100 1000 10000
Frequency (kHz) Frequency (kHz)
{b} Given Size of Strands, Temperature Rise = 30C, 3F3 £ (b) Given Size of Strands, Temperature Rise = 30C, 3F3 EE

e Automated Manufacturing > Magnetic Integration / PCB-Windings / Planar Shapes
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X-Technology #1 {:é;‘ ﬁi » Interleaving & Modularity
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Parallel Interleaving

m Loss-Neutral Multiplication of Switching Frequency
m Reduced Ripple @ Same (!) Switching Losses

1

fS,eff = N ’ fS AImax,N = FAImaX,N=1 N=4
1 400V —————
AUmax,N = F AUmax,N=1 300V Uy
[ 200V
o . .

' 100V
ErRRESES o
uy ir 400V 400V

U E }_T _4000\/' 0/}/20 300V

Us
Uy t [ms] 200V |—
L i |
Eakakals 1 Shv- e i SR
o A N ) i S

0 2 4 6 8 10 12 14 16 f[kHz]

e Scalability / Manufacturability / Standardization / Impedance Matching / Redundancy

ETH:(irich =PrL —



=1C I Power Electronic Systems 27/54 ——
I = Laboratory

Series Interleaving

m Loss-Neutral Multiplication of Sw. Frequency

m N2-Reduced Ripple @ Same (!) Switching Losses

m Lower On-Resistance @ Given Blocking Voltage > 1+1=2 NOT 22=4 (!)
m Extends LV Technology to HV

o 400V
Jﬁ — U
— 0
“ 8f.L
s L Jma -
5 / 400V
N H A 1 . 20 A

A&
— max,N 2 max,N=1
_ . > N >
oL LR :
JmE -
SE . 1 20 A

[S2 0 =

> 0 1l0 15 t[ms]
vl L« 4 400V ——————— —
Jk A | |
¥ JH AUC,max,N — 72-2(&)2 L 200V - _._ _—— ¢
o :ﬂs U 32 fS N3 0 A Y

0 2 4 6 8 10 12 14 16 f[kHz]

e Scalability / Manufacturability / Standardization / Impedance Matching / Redundancy

ETH:zurich “PEL —
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Series Interleaving — Example @ ETH Zurich

m Realization of a 99%++ Efficient 10kW 3-O 400V, , Inverter System
m 7-Level Hybrid Active NPC Topology / LV Si-Technology

7 Level

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

ETH:zurich
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40kV SiC Super-Switch @ ETH Zurich

m Quasi-X-Level (Staggered) Switching
m 300kVA Intelligent Power Module — Two-Level Bridge-Leg Appearance

+24Ve DC+ ¢
= T
| Power supply for ! Waveform
| logic & gate driver d
o T 1 +15
' Switching signals —— ! 410 [ |
I I
3 | Ana e s
5L I Digital comm. ! )
I~ I . I _
= ! Fault signal — = -5 2-Levell
s, 1! = |ekill |- -10
[=R = l l
S -14
? |, %L L1 Temperature sensor 0 10 20 30 40 50
E —o + 1 (ps)
i
% - ° Vo Switching Transition
gl v, +15 [ 1
] _dc i
2 :"_2== Lo — +10 93 kV/HS :'
; " 23 kV/ J\ Y
® 5 i
< BN /e
/\ = -5 H
Isolated cooling -10 /_/ i 2-Levell
interface —14 d
et e | \
! 10 11 12 13 14 15

oV
7 (us)

e Integrated Gate Drive / Voltage Balancing / Protection / etc.
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Ultra-Compact
Power Module with
Integrated Filter

650V GaN E-HEMT Technology
Js. e 4-8MHz
four = 100kHz

=
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Integrated Filter GaN Power Module

m Selectlon of M=3 / N=3 C(onsidering Efﬁaency / Filter Volume Trade-0ff
| =3.3uH of Branch Inductance / C;;, = 90nF

e So0l s EHENT Technology / f, = 800kHz

B f o~ 4.8MHz

V, < 15% _
I, <30% fsei= N = (M-1) - fs

Semiconductor Efficiency + _ N
10 99 ;N :

N

< M-1
: % V;li_"' JE? " Lr“ -;fl‘:lr Uy |LI
97;2 T L ij C 1@ C_{r_c l
= filt filt
= A T[]
e J'ﬁj g St
T L4 U_‘

. — N
2 3 4 5 6 7 8 9 :
# Levels M

e Design for Max. Output Frequency of f,,. = 100kHz (!) @ Full-Scale Voltage Swing

ETH:zurich eprl —
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Demonstrator System

m Specifications

— 10kW @ 800V,

— 650V GaN Power Semiconductors

— Volume of =180cm? (incl. Control etc.)
— H,0 Cooling Through Baseplate

* = 50kW/dm?3

e Operation @ f,,,=100kHz (fs ..~ 4.8MHz)

ETH:zurich

31/54
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Motor-Integrated Modular Inverter

m Fault-Tolerant VSD

m Low-Voltage Inverter Modules Coril Jg} JEb Jéj o

m Very-High Power Density / Efficiency T Y Toli,
m Low C DC-Buffer Capacitors (= Jox JEP o \
m Rated Power 45kW / f,,.= 2kHz N @

m DC-Link Voltage 1 kV

99.5 : Ay 1M o | |
—

50 150 250 [0 N =6 Vi, =167V Ve
i
- - N =2 Vi;=500V Cell,
fo (kHz) . o A~

o N=1 Vi;= Vi —pc /. -
NG o Se0(re’s : (D Vdu li‘-:: : 4-
DO—o, | AC (L. \ 1
& o ’—o— 0|

Efficiency (%)
©
RS

O R XK 7 sl
’ N 2 30
Gravimetric Power Density (kW /kg)

—> Challenges — Therm. Coupling/Decoupling of Motor & Inverter, dv/dt Limitation, etc.

ETH:zurich “PEL —
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Scaled Hardware Demonstrator

m Rated Power 9kW @ 3700rpm
m DC-Link Voltage 650V...720V

m 3-O Power Cells 5+1

m Outer Diameter 220mm

— Axial Stator Mount

— 200V GaN e-FETs

— Low-Capacitance DC-Links
— 45mm x 58mm / Cell

—> Challenges — Therm. Coupling/Decoupling of Motor & Inverter, dv/dt Limitation, etc.

ETH:z(irich =PrL —
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X-Technology #2 E;JQS@

ETH:zurich

Wide Bandgap
Power Semrconductors
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Low Ry ,,) High-Voltage Devices (1)

m High Critical E-Field of SiC - Thinner Drift Layer
m High Maximum Junction Temperature T

j,max
A
at300K | Si  GaAs 4H/6H-SIC  GaN Earitsic |
Eg (ev) 1.12 14 3.0-3.2 34
Ec (Mviem)| 0.25 0.3 2.2-2.5 3
Un (cm2vs) | 1350 8500 100-1000 1000 SiC
€ 11.9 13 10 95
vsat (cmfs) |1x107  1x107 2x107  3x107 .
Ecrit,Si T . Si
A (W/emK) 1.5 0.5 3-5 13 | T TTTTmmm—e— e __ .
+ |-—] o o
© 2000 Carl-Mikael Zetterling P WSIC : N ‘
.4V For 1kV: Si SiC P Wsi :
on — 3 W (um) 100 10 Schottky contact Ohmic contact
sL,Ec < N (omo) 101 1016 . ' '
— n
£ 1. % ' '
Ron,SiC ~ 300 Ron,Si o—| n H—o

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

ETH:zurich “PEL —
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Low Ry ,,) High-Voltage Devices (2)

m Low Circuit Complexity

m High Power Conversion Efficiency
m SiC/ GaN (Monolithic AC-Switch) / Diamond

(Q mmz)

on

R xA

10

0.1

0.01

1E-3

typical CellR . XA @25°C

35/54 ——

Source: (Infineon

[ =i Limit ™7 / 7T
| = = SiCompensation Limit {@16pm Pitch) »'

==== Si Compensation Limit (@4pm Pitch) / /
| —-=Si Compensation Limit (@ 1pm Pitch) =
F|  ———4H SiC Limit - 3
|| =——GaN Limit (Vertical GaN Technology) ] > -
" IGBT-Limit (Nakagawa) 9 7
3 = CoolMOS C3/C5 > RE
- e SFET3HV nm » =

m  SFET4/5 w/o Substr ,“
E + IGBT3/4/RC — P'S i 3
3 = SiC JFET IFX - | B =
b - - -
C » GaN HEMT published - T 73
: ’ | .’ "t -1 - :
* nE i
3 > — -
b . A - I
E » == E
: - i :
L 7 .
- 2 -
- - - -
-~
- - / -
. Sy
F. Hirler . * . I
10 100 10000

e High Heat Conductivity & Excellent Switching Performance

ETH:zurich
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Low Switching Losses

m Si-IGBT —> Up to 6.5kV / Rel. Low Switching Speed
m SiC-MOSFETs - Up to 15kV (15t Samples) / Factor 10...100 Higher Sw. Speed

Si-IGBT / Hybrid-Pack 2

Turn-off @ TJ = 25°C

SiC-MOSFET / (scaled for low inductance)

1000
25nH
800
<
£ 800
= 400 r
=
=)
200
o
o] 200 400 600 800 1000
t inns
Eq = 45900 W -> 8 kV/us at 400V

Turn-off @ T, = 25°C
1000 [— T T

16 par. Chips

800 6nH 1
< 50 A/ns
£ 800
= 400
=
D L
200 33V/ns
oF i
o} 200 400 600 800 1000
f in ns
E = 4672 W -> 44 kV/ps at 400 V

e [Extremely High di/dt & dv/dt - Challengesin Packaging / EMI

ETH:zurich
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X-Technology #3

ETH:zurich

|

3D-Integration
Automated Manufacturing
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Isolated 3-Port DC/DC Converter

m 3.6kW / Single Multi-Winding Transformer
m Linking of 400V PFC Rectifier / 450V / 12V Aux.
m Fully Autom. Manufacturing -> PCB-Based Design

Three-Port-Converter

DC-Link % . - '_'%: HV-Battery
-' J_'Jr— LV-Battery

Y =17.5kW/dm?

o Design for Thermal Limit (n=95%)-> Min. Volume / Material Effort / Costs

ETH:zurich eprl —
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3D-Packaging

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 Automated Manufacturing Source: —jjp———o
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 (!)

- 1.3" > <—0.65"—»

ETH:zurich cprL —
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Monolithic 3D-Integration

Source: PANAasoONIC 1s5cC 2014

m  GaN 3x3 Matrix Converter Chipset with Drive-By-Microwave (DBM) Technology

= 9 Dual-Gate GaN AC-Switches

— DBM Gate Drive Transmitter Chip & Isolating Couplers

= Ultra Compact > 25 x 18 mm? (600V, 10A — 5kW Motor)
DBM gate drive Isolated
transmitter chip dividing

couplers
PWM signals
5.0GHz Isolated (5kVDC) Dividing Coupler \

Reference 2

GaN integrated
X bidirectional

% :’m% \ i-::nz o ootshss) switching chip
: ‘ : ] \
\iy“ Reference 3

)

A N\ RF-Output T _m
(From DBM Jn_ SR
transmitter ) RF-Input mp » » g ii
“"—="F XK o+
. Ppre SRR
| ::
P.CB 028mim .
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A
X-Technology #4 &'\Wﬁ}

ETH:zurich

Automated Design
Digital Twin / Industry 4.0
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Digital Technology Push
m Exponentially Improving uC / Storage Technology (')
— Extreme Levels of Density / Processing Speed Moore’s Law '
— Software Defined Functions / Flexibility . R T e 4
— Cont. Relative Cost Reduction 10 SandyBridge

108 AMD K10 @

2

o AMD Athlon

8. 107 AMD K6 Pentium 4

@ peanunll

g 108 Pentium Pro

g i486 __Pentium

c MC68020 i860

§ 105 80386

2 80286 8 mce8000

% i 8086

= 10 "é 8080

8008
03 L4004
1970 1980 1990 2000 2010 2020
Year of introduction
e Fully Digital Control of Complex Systems
e Massive Computational Power > Fully Automated Design & Manufacturing / Industrial IoT (IIoT)
ETH:zurich
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Multi-Objective Design Challenge (1)

m Counteracting Effects of Key Design Parameters
m Mutual Coupling of Performance Indices - Trade-Offs

Efficiency

Converter

Complexity Switching

Frequency

Initial Costs
Life Cycle Costs

Reliability
Redundancy

/ Size

Operat. Temp.

Level of
Integration

Derating,
Redundancy

Costs

e Large Number of Degrees of Freedom / Multi-Dimensional Design Space
e Full Utilization of Design Space only Guaranteed by Multi-Objective Optimization

ETH:zirich “PFL —
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Multi-0Objective Design Challenge (2)

m Counteracting Effects of Key Design Parameters
m Mutual Coupling of Performance Indices - Trade-Offs

e Large Number of Degrees of Freedom / Multi-Dimensional Design Space
e Full Utilization of Design Space only Guaranteed by Multi-Objective Optimization

ETHzurich “pPrL —
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Virtual Prototyping

n
Performance Space
o Efficiency
* Power Density N
* Costs > P
Performance Space * Reliability / e Evaluation Formulas
* elc. (e T ¢ Lifetime Models
________________________________________ Costs ‘f(x’k) - o Cost Models
. System ' ’ . etc.
Des.lgn Space ® Thase-Shift DC/DC Conv.,
® Resonant DC/DC Conv. o
 DC Link AC/AC Conv. * Specifications
e Matrix AC/AC Conv. * Operation Limits
e ele. * Converter Topology
¢ Modulation Scheme
1 m €. Control Concept
Components 2 * Operation Mode
® Power Semiconductor ¢ Operating Frequ.
e [nterconnections ® elc.
e Inductors, Transt.
e Capacitors
* Control Circuit [ 1 Ifi e Doping Profiles
. e m e Geometric Properties
1 ! -, Winding Arrangements
Materials ¢ Magnetic Core Geometries
¢ Semiconductor Mat. * etc.
e Conductor Mat,
o Magnetic Mat .
* Diclectric Mat ,
. el

e Mathematical Description of the Mapping “Technologies” —> “System Performance”

ETH:zurich “PEL
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Mathematical Modeling

e Multi-Objective Optimization - Guarantees Best Utilization of All Degrees of Freedom ()

Specifications
V], V(}, .P(), At’(}, CISPR 11/22 A,B

l

Converter Topology
Modulation Scheme

l

Electric Power Circuit Model

Component Values, fp

44/56 ——

1C ins I s I Teme /Lavg B (1) /i (D)
l o [ 1§ 1
Capacitor Transformer / Inductor Semiconductor | CM Noise ‘ | DM Noise ‘
Type « Windings Geom. Type Model Model

L Wi Tine [ T

* Core Geom. - —

* Core Type Off-line Optimized DM/CM

1 Loss Model Filter Topology
Cl)-wlcl'lv' ﬁ lLFJU/L('.U
Loss Model ‘ Reluctance Model | 7 Filter Filter Inductor
Capacitor + Geometry
l DL Lo | Thermal Model Type * Material
Min. Loss Model i l
Losses « Windings i
E<B + Core i ‘ Loss Model ‘ Loss Model |
=Dy
T<Ty. Trerm ] Off-line
V£ Vit Optimized .
’ Thermal Model | Heat Sink Min.
Vol
Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink Ln::es- EMI Filter | EMI Filter EMI Filter
Volume Losses Volume Volume - “ Cap. Vol |Cap. Losses Ind. Losses

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

}_

l

Total Converter Volume / Losses

ETH:zurich
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Multi-0bjective Optimization

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

n
A
N— P
:1@_17 ;
Snp op |p /,r

> p

Design Space Performance Space

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

ETH:zurich “PEL
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Design Space Diversity

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

Design Space Performance Space

e E.g. Mutual Compensation of Volume and Loss Contributions (e.g. Cond. & Sw. Losses)
e Allows Optimization for Further Performance Index (e.g. Costs

ETH:zUrich =
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Example

Electrical System og an
Airborne Wind Turbine
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Airborne Wind Turbine (AWT) - Google X

m Power Kite > On-Board Turbine / Generator / Power Electronics
m Power Transmitted to Ground Electrically
m Minimum of Mechanical Support

=2
=9 MAKANI POWER

In operation, the wing flies
in aciroular pathat an
altitude of 400 m.

ETH:z(irich =PrL —
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AWT Electrical System Structure

m Rated Power 100kW Airborne Wind Turbine
m Operating Height 800...1000m 3
m Ambient Temp. 40°C {})_@ ~ -
m Power Flow Motor & Generator = ||
3 — .
ol
m 3= | Ground
= ' Station
P I
RO vae SRS
{}_©3 ~ | Tether | “—
3= | I
%}_@ 3 ~ Mains
3=
—> EL System Target Weight 100kg
- Efficiency (incl. Tether) 90% Turbines, Generators, and
—> Turbine /Motor 2000/3000rpm Power Electronics

ETH:zurich “PEL —
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Overall AWT System Performance

EFFICIENCIES AND POWER-TO-WEIGHT RATIOS AT THE 2 DESIGN POINTS

(CALCULATED FOR NOMINAL OPERATION).

Total system

Generator, VSR, and DAB converter

v = 1.3TkW /kg
n = 90.0%

Generator: g = 3.11LkW/kg, g = 95.4%

v = 1LO0OKW /kg
n=91.7%

VSR: Yysr = 18.3kW /kg, nysg = 98.6%
DAB: pap = 4.60kW /kg. npap = 97.1%
Generator: g = 2.14kW/kg, ng = 96.9%
VSR: Yvsr = 18.3kW /kg. 1ysr = 98.6%
DAB: “pap = 3.93kW /kg, npap = 97.4%

m Typically Sub-System Sub-Optima are
Resulting in Overall System Optimum

49/54 ——

0.6 0.8 1.0 1.2 1.4

v (kW/kg)

nc (%e) nvsr (%0) Noag (%)

98 —F—06—1 ] 100 T

94/ S 98 S

90|} 96 D

86— 94 :

0O 1 2 3 4 101214161820 2 3 4 5
v (kW/kg) yvsr (kW/kg) yoas (KW/kg)

ETH:zurich
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Automated Design Roadmap

m End-to-End Horizon of Modeling & Simulation
m Design for Cost / Volume | Efficiency Target / Manufacturing / Testing / Reliability / Recycling

Autonomous Design -> Desrgn 4.0

- Independent Generation
of Full Designs for Final
Human Expert Judgement °

Augmented Design
- Suggestion of Design
Details Based on i
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 (!)

ETH:zurich “PEL —
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IToT in Power Electronics

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

Fleet Aggregate

Operational Dats

History

Maintenance

Hisory Digital Twin

Physical Asset

Real Time
Operational Data

FMEA’

CAD Model /7 Physics Based Models
+ Statistical Models
FEA Model + Machine Learning

e External - Integrated Measurement Circuits & Merging of Oscilloscopes & Simulations
e Model of System’s Past/Current/Future State - Design Corrections / Prev. Maintenance etc.

ETH:zurich eprl —
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S-Curve of Power Electronics
m Power Electronics 1.0 - Power Electronics 4.0
m “X-Concepts” / “Moon-Shot” Technologies ,
m 10x Improvement NOT Only 10% ! /
/
#1 Multi-Cell/Level Concepts /
#2 WBG Semiconductors /
#3 3D-Packaging/Integration 7/
#4 Automated Design & IloT 7\
4.0 ﬁ
» Super-Junct. Techn. / WBG /
P » Di ital/Power / ‘
Modeling & Simulation 3
Performance Replacement p Power MQSFETS & IGB.TS /
4. 3 (Disrupive) Microelectronics
FIE SRRy » Circuit Topologies
g F 3 > Modlélatiori Concepts 2.0
\ L £ i SSERtS /DDiQ des ontrol Concepts
olid-State Devices __/
™ Existing 1.0
Technology
» Effort/Time m * 2025
1958 2015
ETHzurich “PFL —
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FQTURE
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Energy Electronics

MEGA Power
Electronics

(Medium Voltage,
Medium Frequency)
m Complicated -> Basic/Standardized
Discrete - Integrated
m Single-Obj. - Multi-Objective

t
— 1MW
pt) > [p(®)dt
0
o .\
m Power > Energy Micro Power
m Inner Function > Interaction Electronics 10W —
m Converters - Systems
Microelectronics
echnology Based,
Power Supply on
Chip)

e Integration into “Multi-Carrier” Energy Networks

ETH:zurich eprl —
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Research Potential

Done!

To be
Done...

m Huge Multi-Disciplinary Challenges / Opportunities (!) are Still Ahead

ETH:zurich “PEL —
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https://yole-i-micronews-com.osu.eu-west-2.outscale.com/uploads/2019/09/ILLUS_POWER_ELECTRONICS_INDUSTRY_DrivingApplications_YOLE_2019-1024x662.jpg
https://yole-i-micronews-com.osu.eu-west-2.outscale.com/uploads/2019/09/ILLUS_INVERTER_Industry_MarketEvolution_YOLE_July2019.jpg

“1C I Power Electronic Systems A/1
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CAGR Evolution

m Strong Growth of Power Electronics Industry
m Technological Development Driven by EV/HEVs
m US$ 53.4 Billion (2018) > US$ 72.6 (2024)

. 2024
.. $72B

p o8
p
Photovoltaics / @
y
2018 '
‘
/
/

Charging infrastructure $53B

s$10.78

$298

i yNBLE

e EV/HEVs -- Huge Market Potential (Inverter, Boost Conv., 12V/48V Conv., Charger, etc.)
e 20.7% CAGR Between 2018 and 2024 & Strong Synergies with Other Applications

ETH:zurich eprl —
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Current / New Application Areas

m Extremely Wide Power / Voltage / Frequency Range
m Extensions for SMART xxx / Ultra-Compact Converters / Mission Profile Analysis / etc.

— Medium-Voltage / Medium. Frequ. Conv.

— 3D-Integr. of Low Power Converters
— Life-Cycle & Reliability Analysis GaN

— Etc. Converters
Smart ‘ ~
Grid NN

_ 1_00HZ \
/’/ ‘Lifetime ) Power
Estimaﬁon

TIkW

Frequency (Time™!)

Voltage

Eﬁergy/
Harvesting,

~~~~

Temperature Cars Length

» Future Extensions of Power Electronics Application Areas

ETH:zurich cprL —
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Digitalization Driver

m Metcalfe's Law

— Moving from Hub-Based Concept
to Community Concept Increases
Potential Network Value
Exponentially ~n(n-1) or

~n log(n)

PR el
?/\. ‘ /\ A

Value

A3 ——

600

450

300

* o s |
* o )
(] ® 150
) P ® o
®
» ® ¢ ™ °
® o © 0
3 10 21 36 . Number of nodes - Connections
ETH:zurich
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Circuit Parasitics
m Extremely High di/dt
m Commutation Loop Inductance L aU, U,
m Allowed L, Directly Related to SwitchingTime t, => L < 7= at, T
_L L
L, z
a=0.1
L, T
100nH }
o Uj |
Ui 10nH |———-+-— ——— :
| / | f
/ N ‘ Parallel
Connection
ip—— | = InH ':._. > Ui
0.10 1Q 10Q 100Q - Z:,—L

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents

ETH:zurich “PFL —
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EMI Emissions

m Higher dv/dt —> Factor 10
m Higher Switching Frequencies = —> Factor 10
m EMI Envelope Shifted to Higher Frequencies

Idea: M. Schutten @

fe=10kHz & 5 kV/us for (Si IGBT)
fs= 100kHz & 50 kV/us for (SiC MOSFET) o
Vpe = 800V @ nf., 5
DC/DC @ D=50% o
tr tf 2f E
_T |* Ve _.‘ r_ W) @ " S
f;w 4
> | eIt A
; 0V @ e » | BHEE I TN
| 60 L— ... Ll 0 o Ll v id . RN
T 103 104 10° 108 107 108 10°

f - Frequency (Hz)

® Higher Influence of Filter Component Parasitics and Couplings - Advanced Design

ETH:zurich eprl —
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Virtual Prototyping
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n-p-o-Pareto Surface (1)

m Definition of a Power Electronics “Technology Node” = (n*p *o *f,*-Node)
m  Maximum o [kW/$], Related Efficiency & Power Density

n
~100%
np,o
no-Opt. 999 A
& 2240 -p-o-Pareto
/4 ’HSurface
A AN
\:.: ~~~~~~~~ np-Opt.
VA vy i
ap-Opt.

Ir

0 50

—> Specifying Only a Single Performance Index is of No Value (!)
—> Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)

ETH:(irich =PrL —
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n-p-o-Pareto Surface (2)

m Definition of a Power Electronics “Technology Node” = (n*p *o *f,*-Node)
m  Maximum o [kW/$], Related Efficiency & Power Density

h
~100%
n,p,0o
na-Opt. | oco A
o % n-p-c-Pareto
/4 Surface
v
VoS
"~ R np-Opt.
/T Lot
ap-Opt.
0
2 10
30 3P e > Jp
40 Jp

0 50

—> Specifying Only a Single Performance Index is of No Value (!)
—> Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)

ETH:(irich =PrL —
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I

| B0 Comparison to “Moore”s Law”

m “Moore’s Law” Defines Consecutive Techn. Nodes Based on Min. Costs per Integr. Circuit (!)
m  Number of Transistors (Density @ Minimum Costs) Doubles Every 2 Years

Economy Of Lower
Scale —> <— Yield
108

1962 >2015: Smaller
P Transistors but Not
104 - i any more Cheaper

1965

1970

ing Cost/Comp
2

Relative M

1 10 102 103 104 105 fP*

Number of Components Per Integrated Circuit

e Definition of “n*p* o*f,*~Node” Must Consider Conv. Type / Operating Range etc. (!)

ETH:zurich “PEL —
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D/1

Multi-Objective Optimization of 5kW Systems

m Design Process Taking All Performance Aspects into Account

m System Specification

- Input Voltage 400V
- Battery Voltage = 350V

- Qutput Power

5kwW

- Air Gap 50mm

m Constraints / Side Conditions

- Thermal Limitations
- Stray Field Limits

- Max. Constr. Vol.

- Switching Frequency

ETH:zurich

[°C]
[uT]
[m?]
[kHz]

m System Performance

* Efﬁdency n= Pout/Pin [%]
* Power Density a=P /A [kW/dm?]
* Stray Field B =B 2/ Brorm [%]

Coil Former

PV
Windings (V)
(Litz Wire) / &
\, Ferrite Core
. ~ (K2004)

Core Carrier
(PVC)
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Dj2 ——

n-a-B- Pareto Coil Optimization

m Encountered Design Trade-Offs * Coil Size vs. Efficiency

* Coil Size vs. Stray Field
* Frequency vs. Stray Field &—— tp f=100kHz
%=p=2" Small Coil

Inductor Quality Factor Q / J—
80 100 120 140 160 180 200 220 — 20kHz
120 1 —100 kHz
[ [ . { — 150 kHz
100 110 1 — 200 kHz
— 250 kHz
99.5 100 — 300 kHz
n-a-Pareto Front = \ — 350 kHz
= 99 —— . y = 90l — \ \ . /
& Pl | | a
S %5 %m\ S 80 ]
g % [ ll'“fl‘lllll £ 70 “\ —
2 975 AU £ AN
5 g N 60— A
1 Thermal Limit 50/ T o th
96.5 0|.2 W/lcm2 | / e—) ==
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- Pareto-Optimization Allows to Study Influence of Key Design Parameters
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Optimized 50kW Demonstrator

m All-SiC Power Electronics m Inductive Power Transfer Coils
- Rated Power 50kw - Air Gap 150...220mm
- Battery Voltage  600...800V - Power Density 1.6kW/dm?
- Power Density 9.5kW/dm?3 - Frequency 85kHz

- Sw. Frequency 50kHz/85kHz

* Nococ = 95.8% @ 50kW & ICNIRP @ 800mm
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[ J

ETH Zurich ___ Departments
ARCH Architecture
BAUG Civil, Environmental and Geomatics Eng.
BIOL Biology

ggo rr;lol}el Prizes BSSE Biosystems

roressors CHAB Chemistry and Applied Biosciences

6100 T&R Staff ERDW Earth Sciences

§36 Eg'l;‘spuses GESS Humanities, Social and Political Sciences

35% Int. Students HEST Health Sciences, Technology

90 Nationalities INFK Computer Science

36  Languages ITET Information Technology and Electrical Eng.

150t Anniv. in 2005 MATH Mathematics
MATL Materials Science
MAVT Mechanical and Process Engineering
MTEC Management, Technology and Economy
PHYS Physics
USYS Environmental Systems Sciences

Students ETH in total

21’000 B.Sc.+M.Sc.-Students
4’300 Doctoral Students
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ITET - Research in E-Energy

Power
Systems
Power Advanced
Electronic Mechatronic 4
Systems Systems
Systems
.............................................................. High Power Power
Electronics Semiconductors
Technologies
High Voltage
Technology

» Balance of Fundamental and
Application Oriented Research
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