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Outline

Introduction

ACvs. DC

1-® vs. 3-@ Power Transmission

Power Transistors & Packagirég

Efficiency & Multi-Objective Optimization
uture Technology Development

Conclusions
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Introduction

A Leap Back in Time
to the Beginnings of Electrical
Engineering
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15t Industrial Revolution > Industry 1.0

m 1760 - 1840

m Introduced by Numerous Key Inventions

m New Machines Facilitating Adv. Production & Transportation (Locomotives, Ships)
m Coal Fired Steam Engine (J. Watt, 1776) as Main Power Source

2/93 ——
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2" Industrial Revolution -> Industry 2.0

1840 - 1880
New Steel Mass Manufacturing Processes (H. Bessemer, 1856)
Electrical Technology Developed / Main Source of Power & Used in Adv. Production

|
|
|
m First Giant Industrial Corporations (e.g. GE, 1892)

_______

%
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Losses of DC Power Systems

m Increase of Transmission Line Resistance with Transmission Distance |
m Red. of Resistance for Fixed Voltage only Through Larger Conductor Cross Section A

1
—> Transmission Losses P, =2 (L)2 ‘R, ~—;
2U,,. U,

48V DC
+ B
— SBOVDE - ss0v DO
lUDC 5
" [ 7 X
O|Voc

R =L N\

Conductor Cross Sections ACu
for Same Losses

e Quadratic (!) Dependency of Losses on Voltage Level
e Allows Massive Reduction of Conductor Cross Section with Increasing Voltage Level

ETHziirich @ _
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Voltage Step-Up/Down -> AC Power System

m Voltage Transformation Based on “Electromagnetic Induction” (M. Faraday, 1831)
m First Transformers Employing Toroidal Cores Starting 1878
m Initially Different Operating Frequencies (e.g. 133Hz)

—> Applied Voltage Determines Rate of Change of Magn. Flux

u = Z\]1 . E
d®
a T
7.7~ ] .EZ P17 P
1 2N, fi= 5 N . N2

=
— 0
-
-
2
4 O
<
[\ 5]
I
&

e 1stTransformer Construction Allowing Easy Manufacturing (W. Stanley / G. Westinghouse)
e 2.2kV - 11kV for Long Distance 3-® Power Transmission (Niagara Falls - Buffalo, 1896)

ETHzirich é _
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Classical Transformer Properties

— Magnetic Core Material * Silicon Steel

— Winding Material * Copper or Aluminium

— Insulation/Cooling * Mineral Oil or Dry-Type

— Operating Frequency * 50/60Hz (EL Grid, Traction) or 16.7Hz (Traction)

Source: www.faceofmalawi.com

m Main Advantages

— Inexpensive

— Purely Passive

— Highly Robust / Reliable

— Highly Efficient

— Short Circuit Current Limitation

ETH:zurich
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Scaling of 1-® Transformers (1)

m Relation of Applied Voltage and Magnetic Flux

dd A
u, = \/EU1 sin(wt) =N, - o > O =- fgl cos(wt) = BA, cos(wt)

— Magnetic Core A, = % AU1 L
i 2z
Cross Section B_f N,
I
— Winding Window A, =2—7—-N
1 ] " kWers 1
;B ‘
m Area Product AL A, == ~ ~L
k,J

W* rms Bmax f 4\

P, .... Rated Power

ky ... Window Utilization Factor
B..y-- Flux Density Amplitude
Jims- -+ Winding Current Density

f... Frequency

e Economic Advantage of Large Systems —> “The Bigger the Better”

ETHzirich @ _
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Scaling of 1-® Transformers (2)

m Rated Power of Transformers S,=U,I,=U, %11 ZI\V]—; =UI =8,
S = 1 2U.I
2 ; i
P S
— Area Product AA, =2 = =4 ~
kWers maxf kWers maxf
— Scaling of Power S~1I
— Scaling of Volume / Mass / Costs V-~ m~ 1}
— Scaling of Core & Wdg Losses P, =pwVy ~ r P, =pyVe~ r

e Economic Advantage of Large Systems —> Lower Relative Costs & Higher Efficiency (!)

ETHziirich @ _
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Scaling of 1-® Transformers (3)

o o AP‘/W 1
m  Winding Losses Dyw = =
AV, AA-Al

Al T

( erS AA

K

AP A
= VE_ ) fBF g=12..2 f=23..3

m Core Losses Pye AV,

[
P,

3
cin

NN

R— 21
k(5 dh)

1

=10
1

= 3 [mT]

5

2

/
10 -
0

10 10°

[K} — Hysteresis Losses (W/cm?)

— Eddy Curr. Losses (W/cm?3)

Pvu =chBZ

U~(dhfB
b* A

Py ~k—(f*B)
n

dt

dp # | ¢,

dt

e Losses prop. to Volume / Heat Transfer to Ambient prop. to Surface
e Requires Adv. Cooling of Higher Power Systems for Avoiding Thermal Limitation

ETH:zurich
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Scaling of 1-® Transformers (4)

m Thermally Limited Designs - Allowed Increase of Losses Coupled to Increase of Surface

— Surface Area O~17

1

— Core Losses P, ~ B’I>~1>) > B-L"’

1
— Winding Losses P,~J2L~1 > J_ -~ L?

3

— Winding Current [ ~L*J_ ~L?

1 A A E _l
— Scaling for Power Rating S= EZUI'I:' ~®I _ ~(I’B, )[*~L*L’ ~=T

e Volume prop. to Rated Power —> Constant Power Density (!)

ETHziirich G _
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Scaling Applied to Biology

m Comparison of Skeleton / Metabolism etc. of Animals
of Different Physical Sizes (e.g. Cat & Elephant)

— Mass / Weight of an Animal m~ L’
kg
— Area-Related Strength of Bones o( Cm2) ~ const.
— Required Diameter of the Bones cD*~m~L
3
D~ I?

e First Systematic Studies by Galileo Galilei (1564-1642)
e Diameter of Bones Disproportional to Length

ETH:zurich
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3-® AC Power Transmission

Lower Realization Effort
Constant Instantaneous Power Flow
Generation of Constant Torque

ETHziirich @ _
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Advantages of 3-© Power Transfer (1)

m Comparison for 1-® Power Transfer to 3 x 1-® System & Direct 3-® System

[ e i | R
T, 'y | — I
|
l l
‘ _ | |
\/ — : ;
- \g i
L e
31 3R
i
A~ — 1+
7l
t ~ - o ——
i
i . . . i | 3R
17 I3 15} I3 av = & 1
S P V. S— ; |
=~ & — —T—1
i I
~ - ¢
1
2 athti=0 fE——————

,,,,,,,,,,,,,,,,

o 3-@ System -> Reduction of Losses and Conductor Material Effort by Factor of 2 (!)
e “Interleaving” of the Phases also Employed in Pulse-Width Modulated Converters

ETHziirich é _
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Advantages of 3-O Power Transfer (2)

m Comparison of Instantaneous Power Flow of 1-® and Direct 3-® System

— Voltage & Current Zero Crossings -
Power Fluctuation of 1-® System
with 2x Supply Frequency

p(t)=ui= UI[l - cos(2a)t)]

p(t)=u, i, +u,i,+u,i,=3UI

W] —

13/93 ——

e 3-O System —> , Interleaving” of the Phases Results in Const. Instantaneous Overall Power Flow
e No Storage Required for 3-® AC/DC Conversion & Const. Torque Generation of 3-® Machines

ETH:zurich
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Y Remark |

1\

Classical Locomotives

m  1-® Overhead Line Supply Used for Simplicity / Rail for Current Return
m 16.7Hz Due to Supply Frequ. Related Commutation Problem of Early 1-® AC Commutator Motors

— Catenary Voltage 15kV or 25kV

— Frequency 16.7Hz or 50Hz
— Power Level 1...10MW typ. T\l_\l§l I I

15 kV 1ph
Source: www.abb.com ; ;

16.7 Hz .
I;I AC/ [ |Dc /L
: pc| [ | /AC
1 kV 3ph
e Transformer Efficiency 90...95% (due to Restr. Vol., 99% typ. for Distr. Transf.)
Current Density 6 A/mm? (2A/mm? typ. Distribution Transformer)
Power Density 2...4 kg/kVA

ETHziirich @ _
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ACys..DC
Power Transmission

’ it
,1\{\

e

NIKOLA
TESLA

THOMAS
EDISON

T.A. Edison vs. N. Tesla
DC Advantages for Very Long
Distance Transmission
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«The War of Currents”

m  DC Current Favored by Edison (Safety) / AC Technology Favored by Westinghouse (Transmission)
m Killing of Elephant “Topsy” (1903) by Electrocution to Demonstrate the Deadly Impact of AC
m AC Dynamo Powered “Electric Chair” as Alternative to Hanging - “Westinghoused”

— AC Electric Chair — Documentary Film by Edison Film Company

ETHziirich Q _
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AC vs. DC Power Transmission (1)

m DCVoltage > Max. Utilization of Isol. Voltage > Lower Losses & Less Conductor Material (!)

Ry : Ry 5
L T : 1 °
Ovne
' : H Rpe
O|Unc |
)
UDC- _________________________
t -t
_UDC _________________________
P
P, ,=2(—)"R,
V.,DC ( 2UDC)
P 3 U
S = (2O | s, =05
PV e 2 U Upc=Usc=N2Uyc
e Transformation of DC Voltage Level Requires Power Electronics Interfaces (!)
o

ETHzirich @ _
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History and Development of the
Electronic Power Converter

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

FELLOW AIEE NONMEMBER AIEE
r————— --——-ﬁ €rez.s
HE TERM ‘“electronic power con- ﬁZ—D [
verter” needs some definition. The 3 . D-C LINK OR —
object ‘may be to convert power from TRANSMISSION
direct current to alternating current for LINE
d-c power transmission, or to convert - €_‘; =
power from one frequency into another,
or to serve as a commutator for operat- B iy, [ m e —
ing an a-c motor at variable speed, or for
transforming high-voltage direct current Figure 1. Electronic converter, dual-con-

into low-voltage direct current. Other
objectives may be mentioned. It is
thus evidently not the objective but the
means which characterizes the electronic

version type

+/93-5

power converter. Other names have VMOTOR ’
been used tentatively but have not been T L
accepted. The emphasis is on electronic HIGH- ow-

is limi VOLTAGE T S— VOLTAGE
means and the term is limited to con- TRANS- MOTOR
version of power as distinguished from MISSION -é CIRCUIT
electric energy for purposes of communi- *
cation. Thus the name is a definition. ] L

Figure 5 D-c transformer
Paper 44-143, recommended by the AIEE commit-
tee on electronics for presentation at the AIEE
summer technical meeting, St. Louis, Mo., Juge2f.
30, 1944. Manuscript submitted April 25,
made available for printing May 18, 1944, ‘
E. F. W. ALexanpErsoN and E. L. PHiLLIPI are . )
with the General Electric Company, Schenectady, 654 TRANSACTIONS Alexanderson, Phillipi—Elecironic Converter ELECTRICAL ENGINEERING
N.Y. :
—

- . \\
ETH:zUrich _
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AC vs. DC Power Transmission (2)

m AC Cable - Thermal Limit Due to Cap. Current @ x =0

|l

]
o2

I
Q
t~
fu]

m HVDC Transmission — Advantageous for Long Distances

so— () w-]
3

AC
DC

~HVDC

.||__|

DC
AC

.||——|

Pth,max

18/93 ——

Cable

Terminal

Distance

e Low-Frequency AC (LFAC) as (Purely Passive) Solution for Medium Transmission Distances

ETH:zurich
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Transition to Modern
Power Electronics

Mercury Arc Valves / Thyratrons -
Power Semiconductors

ETH:zurich ﬁ —
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Electronic Transformer - History

m System Using Mech. Switches Patented Already in 1913 (!)
m  Mechanical Sw. > Tubes - Mercury Arc Valves = Solid State Switches

1,206,662, Patented Nov. 28, 1916. 508 covencing N
%, : é . zsumsw‘\sn:n 2. T+ ,/'!x'.‘("'lg %{z —f
— B ] 71 2l
e ) A | | i
= | & e ac 3/ I
=, Inpit W%’c / I s5
i l 1 / L T ﬂaéput
= | & g e
o
| ol
ok
1913 — P.M.J. Boucherot 1928 — D.C. Prince A
1944 — E.F.W. Alexanderson et al. 1968 — W. McMurray v
\ 4
D-c transformer
4935
MOTOR [} .
H'* - vé'lg':'c:E ‘m
VLIt MOTOR iy
MISSION CIRCUIT

e “Transformer of Cont. Current” / “DC Transformer” / “Electronic Transformer”

ETHziirich Q _
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United States Patent Office

3,517,300 |
Patented June 23, < 1 970 ®

1

3,517,300
POWER CONVERTER CIRCUITS HAVING A
HIGH FREQUENCY LINK
William McMurray, Schenectady, N.Y., assignor to Gen-
eral Electric Company, a corporation of New York
Filed Apr. 16, 1968, Ser. No. 721,817
Int, Cl. H02Zm 5/16, 5/30

U.S. CL 321—60 14 Claims

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits
have a high frequency transformer link whose windings
are connected respectively to the load and to a D-C or
low frequency A-C source through inverter configuration
switching circuits employing inverse-paralle! pairs of con-
trofled turn-off switches (such as transistors or gate turn-
off SCR’s) as the switching devices. Filter means are
connected across the input and output terminals. By syn-
chronously rendering conductive one switching device
in each of the primary and secondary side circuits, and
alternately rendering conductive another device in each
switching circuit, the input potential is converted to a
high frequency wave, transformed, and reconstructed at
the output terminals. Wide range output voltage control
is obtained by phase shifting the turn-on of the switching
devices on one side with respect to those on the other
side by 0° to 180°, and is used to effect current limiting,
current interruption, current regulation, and voltage regu-
lation.

frnverntor:
Wittiam McMurray;

y/‘)’?.f; A@i}a reys

e Transistor/Diode-Based “Electronic Transformer”
e ACor DC Voltage Regulation & Current Regulation/Limitation/Interruption

ETH:zurich

Fig. 3
i ol
a S i J9
@/ @g
@z Y] a5
. . 3 3 7 7
29 /2, s | JE
il ” d i
T e a2z
& o4 a5
= % o & 4 IAH
[ 4 | |
i j :g k;
Z‘J &5 : o 45 7
? E : E E ? E- 49
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Power Semiconductor Evolution

m  First Commercial Si Thyristor (Silicon Controlled Rectifier - SCR) Introduced in 1958 by @
m Unipolar and Bipolar Power Semiconductors
m Development Status in 1995 >

Spreading of Si

Power Semiconductor i “PN- REC SiC Power
Technology Device Biamon
Power
JFET/ISITA RC Thyristor

*: Mass Production

** : Under Development

CT/EST

SITy CIMOSFETgTT

e Si-Thyristor - Si-Bipolar Transistor - Si-Power MOSFET - Si-IGBT - SiC/GaN-Transistor = t.b.c.

ETH:zurich ﬁ —
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Unipolar Si Power Semiconductors (1)

m Power MOSFETs of Higher Blocking Capability = Drift Layer Determines On-State Resistance
m Drift Layer Thickness Dependent on Blocking Capability

2V, D
— Blocking Voltage V, = iw. E.»> W= B orain
E EC E2 |J
— Relation of Doping and E-Field Gradient &—< = q ND =c 2‘; o G
ate
w w B Source
— On-State Resistance R = =
KA qNpu A
* W “ °f° ° LN /4 & 4V2
— Spec. On-Resistance R =R A= — “Silicon Limit R = B ;
q NDILln 8,LlnE
S Gy Ey R:n _ VBz.4...2.6
Rsﬂ m Poly-Gate /Slioz E )
p+ ) ? ° - ':':. - NDop.
Rit Ren I:I Repi 1a N
" !
Al pt n- drift X
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Unipolar Si Power Semiconductors (2)

m Super-Junction Power MOSFETs (1997) - Breaking the Silicon Limit - Rpgon = Ups g™ (*)
m Highly-Doped n-Region / p-Columns Compensating the Current Conducting n-Charge
m Space Charge Layer along pn-Junction for Uy > 50V / Depleted Voltage Sustaining Drift Zone

IEIA 131
30
RDS.on XA /
[Qmm’] 25
konventioneller MOSFET
s = 20 RDS.on o2 LT_[;:S?BR
a c a b c
Standard MOSFET Cool MOS™ 15
10 /
/ CoolMOS /
0 |l Ubs.er
0 200 400 600 800 1000 [V]

e Electrical Conductivity Provided by Majority Carriers

ETHziirich é _
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Si - Power MOSFET Development

m  Super-Junction Technology - Disruptive Improvement / Decrease of Ry on

J 600V MOSFET Technology

20 4

conventional HYMOS |

Future
|c IMOSTMl EET
00 |2nd Gen.| I3rd Gen.l MOSFET -Gen.
I

Rbs(on)*A,max [Ohm*mm?]

] \5‘

‘ ———] B
0 T T Y Source: (fnfineon.
1992 1996 2000 2004 2008 2012

® (Cont. Further Improvement / Main Challenges also in Low L/Low R,, Packaging

ETHziirich @ _
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Si - Isolated Gate Bipolar Transistor (IGBT)

m  MOSFET Structure Extended with Drain-Side p+ Layer = Minority Carrier Injection into n- Layer
m Conductivity Modulation - Lower On-State Voltage @ High Blocking Voltage Rating
m Lifetime of Min. Carriers - Stored in pnp-BJT Base & Resulting in “Tail Current”/Sw. Losses

O gate MOS n-channel  emitter
/ (= source)

COLLECTOR

_ i J
5 Jam])

J) collector (= drain)

EMITTER

e IGBT: pnp-Bipolar Junct. Transistor Driven by n-Channel MOSFET in Pseudo-Darlington Structure

ETHzirich @ _
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Si - IGBT Development (1)

m 1988 Punch-Through (PT) —> High Costs & Neg. Temp. Coefficient (TK)
m 1990 Non-Punch Through (NPT) - Rel. High On-State Voltage, pos. TK
m 2000 Field Stop (FS) Layer —> Low Losses (Tail Current), pos. TK

\l/ —
Source: Infineon
| \
2nd Gen 3rd Gen [ 4th Gen [ 5thGen |

NPT (non-PT) FS (field stop)
G G

E E

E-Feld E-Feld

AjAp = 0,65

1 I
1200V /75 A IGBT

25

rated switching power: 100kW
2 rated short circuit power: 500 kW
AlAg=044 E

: n- (Basis:
n- (Basis: Substrat)
Substrat)

VCEsat(125°C) [V] @ 75A

p+
v
I c 1988 1992 1996 2000 2004 2008 2012

e Reverse Conducting (RC) IGBT Monolithically Integr. Free-Wheeling Diode (Spec. Anode Structure)

ETHzirich @ _
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Si - IGBT Development (2)

m Field Stop (FS) Layer -> Thinner Wafers & Improved Sw. Performance Comp. to NPT Structure
m FS Layer & Trench Gate > Improved Saturation Voltage Vi .,; & Turn-Off Energy E

\l/ Source: @
3rd Gen \ |4m Gen \ 5t‘h Gen |
<
60 2
uj/A ®
FS-IGBT
50 = E
GG 2.5 ] i
a0 F 1rs 100 pam 4 1200V /75 A IGBT
T = rated switching power: 100kW
= ﬁ 2 -(rated short circuit power: 500 kW
W 30
NPT-IGBT o
= AlAp=044 E

= 1.5
20 $5e5 =100 pm tps =120 um
SIFSHGET tgpc =90 pm
ol_t 1 1 1 ! I | 1 1 1 1

T Tl MR A0 AR 4 aR He A &N 1988 1992 1996 2000 2004 2008 2012
Ucesat —»

® Reverse Conducting (RC) IGBT Monolithically Integr. Free-Wheeling Diode (Spec. Anode Structure)

ETHzirich @ _
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Modern Switch-Mode
Power Conversion

Pulse-Width Modulation
Time/Frequency Domain & Filtering
Parallel & Series Interleaving
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Pulse Width Modulated Converters

m Basic Concept Wy
U, U, IF (o)
Ui O— U17 102 LJi——u2 S—
) . 10" =&
] 1 10°
Uy ~o——o0 107 e u
10 Q
[u2 5 :
t/us == Ig ® t/us
0 o——=—o 0 2 43408400546 4 V7
0 50 100 0 10°10°10*10°10°10" " 0 50 100

e Switch-Mode Voltage Formation and Subsequent Filtering
e Higher Sw. Frequency -> Smaller Filter Components (Limited by Sw. Losses, Signal Processing etc.)

ETHziirich @ _




=1C I Power Electronic Systems 29/93 ——
I = Laboratory

Increasing Switching Frequency

m Reduction of EMI Filter Volume for Increasing Sw. Frequency

80dBuvV T
Digital
At | 411, Control
i FCC Part 15 B
60dBpV ) | e
20dB/Dec
| .
40dBuv _ ‘ J
S 2L
0dp — 2 3 -
L 0.7L
o—mm—y—o -20dB o—mm—4—o
0dB/Dec
C= 0.7C =
—o -40dB : : : o
At @ 1. 40k 100k £, 2f; 1M 10M 40M Att, @2f,

e Sw. Frequ. Limit Due to Sw. Losses (Heatsink Vol.), Inductor Losses, Signal Processing Delays etc.

ETHziirich @ _
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Soft-Switching Operation

m Low Inductance J Triang. Curr. Mode > Zero Voltage Turn-Off AND Zero Voltage Turn-On (ZVS)
m Increase of Conduction Losses Especially @ Low Load / Residual ZVS Losses of Si-Devices

/\A AIXMAKKKAAHK

zvy]\;/\;/\y/\-y-yvyyv t 0>/ T\
R - L

g g

e Requires Certain Voltage Headroom for Avoiding Very Low Sw. Frequencies
e Wide Variation of Sw. Frequ. > Spreading of EMI Noise & Red. Filter Effort / Fast Sign. Processing

ETHziirich é _
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Parallel Interleaving (1)

m Multiplies Sw. Frequ. / Reduced Ripple @ Same (!) Switching Losses & Incr. Control Dynamics
1

fS,eff = NfS AImax,N = FAImaX,Nﬂ
1 N=4
AUrnax,N = N3 AUrnax,N:] 400V T T T T I T T
1 2 N 300V U4
o
[ NI 200V
c . . S A Y G 1OOV
i $ ; 0
J: J: J: J: lr1 400V /-\/uQ UnN
. 0 400V
U U 'L A0V 0 20
2
U3 t [ms] 300V
Uy | 200V
oetoe et 1 ! oo
7 :FS :12& 4000\/ /\/ Y, 100V
Yo 1 400V N o b A L o

0 10 20 0 2 4 6 8 10 12 14 16 f[kHz]
t [ms]

e Control Implementation Benefits from Improving Digital IC Technology
e Redundancy - Allows Large Number of Units without Impairing Reliability
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Parallel Interleaving (2)

m Multiplies Sw. Frequ. / Reduced Ripple @ Same (!) Switching Losses & Incr. Control Dynamics
1

fS,eff = N ’ fS AImax,N = FAImaX,Nﬂ
1 N=4
AUmax,N = FAUmax,Nﬂ 50A F ] ]

, 50A |
Jéjﬁ JZ Jé} R 100V AT Uy
: . o i ] 100 A
Uy 1, -400V LLILTS .
Us 5 - o 0 10 20 i
t [ms]
. 0

us
Uy I
JE}JE‘F&JH JE?S I 400V a1 2,
U, - 0, 1 NA N 100 A

400V ——
0 10 20 0 5 10 15 20
t [ms]

WNWW /?'L.l

1 2 N

U NI 0 WN\W W
O

e Control Implementation Benefits from Improving Digital IC Technology
e Redundancy - Allows Large Number of Units without Impairing Reliability
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I'=d

Laboratory

Parallel Interleaving (3)

m Output Current Ripple Cancellation

A U A 1 . Switching F Multiplicatign of
Al = Al - Al witching Frequency @ Same
max, N=1 AfL —> maxN=4 = 4 ¢ max,N=1 Switch(%g Losses
4\ AEV=£/Afmax,.N’=l
U Lol o
Jy3lBlaEag 08 / N
L1 0.7
Uy 0 : 0.6 // \\
Uz 0.5
U3 0.4 (/ \\
Uy I 03 / o N7 o \\
g S oa S | N=2
6

AR N,

0 0.1 0.2\0.3 04 05 0.6 0.7‘0.8 09 1.0

v JEFEFEFJﬂ

e Massive Reduction of Filter Capacitance C — C/64 - OR- Inductance L — L/16
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Series Interleaving (1)

m Example of Flying Capacitor Converter — Breaks the Frequency Barrier
— Breaks the Silicon Limit 1+1=2 NOT 2?=4 (!)
— Breaks Cost Barrier - Standardization
— Extends LV Technology to HV

o 400V
v 0
8L
U
1 / -400V
2 20A
v max, N = Nz AImax,N:l
o 0
-20A ' L
0 5 10 15 t[ms]
U 400V —
2 p 200V | |
] - i(_o)2 _ ) ®
32 fs N3 0 i A i

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

e x 2> Dependency of Ry ,, on Blocking Voltage - Adv. of Series Connection of LV MOSFETs
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Series Interleaving (2)
m Series Connection of LV MOSFETs (or LV Cells) Effectively BREAKS the Si-Limit (!)

@) T 7 7T 7]
log 10 } > NI=112 ’5 c'lO f
® = T == 7
— AN A ey
= 1 / _/ Py //
S —— I /- '3"--.,1'-’. /
X 100m |- g; Compens.':/;'/ —— //‘
~ Scaling of Specific A — Limit auass | A
On-State Resistance - 10 7T // EEEY |
CHENSS S}imit SiC Limit GaN Limit
(RDS,on X A)eff ~ Nl,S (RDS,on X A) ﬁ? Im / /
10 100 600 1000 10000
A Vbr (V)

e Excellent Concept for Building Extreme Efficiency Ultra-Compact Converters
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Series Interleaving (3)
m Dramatically Reduced Switching Losses (or Harmonics) for Equal Ai/I and dv/dt

1
P S, N—l( 2N2 N3
N=1 N=4
o 400V T T T 400V 0
E T
0 Uc 1 0
JE% N =1 400V f | \/ -400V '
vl L+ = 0 5 10 15 t[ms 0 5 10 15  t[ms]
JaF , -_—Agdv/dz
1+ . TVDC {
LA R I B - dvldt e T t
|—0 = = H—-—T TVDC
| B T - voo| b dvidi 3 t
i B “Vbe
U N J:} [ic f
L . LV )
g S5t It R an wily”
[
Y = ps ES\\'
c F A A" A .

e Transistors Could Operate @ VERY Low Sw. Frequency (e.g. 20kHz) - Low Sw. Losses / High Eff.
e Alternative Operation with High Effective Sw. Frequency = Minimization of Filter Components
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Components & Packaging

Wide Bandgap Semiconductors
Packaging

conduction conduction ® : electron
band hand

O : hole

Valence \/alence
band band

n-type semiconductor p-type semiconductor
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SiC Power Semiconductors

m Wide Band Gap / High T, ..
m High Critical E-Field of SiC'> Thinner Drift Layer

gk
at300K | Si  GaAs 4H/6H-SIC  GaN Eerisic |
Eg (ev) 1.12 1.4 3.0-3.2 3.4
Ec (Mviem)| 0.25 0.3 2.2-2.5 3
Un (cm2vs) | 1350 8500 100-1000 1000 Sic
€ 11.9 13 10 9.5
vsat (cm/s) [1x107  1x107 2x107  3x107 E. . S
hwemk) | 1.5 0.5 3-5 13 S I o
+ |-—] o -
© 2000 Carl-Mikael Zetterling P WS|C : N ‘
.4V For 1kV: Si SiC P Wsi :
on — £ W (um) 100 10 Schottky contact Ohmic contact
e, Ec < Np (emo) 10 101 ' H_q
1| o n
£ 1. % ' '
Ron,SiC ~ 300 Ron,Si o—| n H—o

® Massive Reduction of Relative On-Resistance (!) - High Blocking Voltage Unipolar Devices
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SiC & Digital Control —> Technology Push

m WBG Semiconductor Technology > Higher Efficiency, Lower Complexity

m Digital Signal Processing

typical Cell R x A @25°C

s S5i Limit
= = Si Compensation Limit (@16pm Pitch)
====Sj Compensation Limit (@4um Pitch)

— - —Si Compensation Limit (@1pm Pitch)
=== 4H SiC Limit

GaN Limit

e |GBT-Limit (Nakagawa)

CoolMOS C3/C5

[]
® SFET3HV
m  SFET4/5 w/o Substr
* IGBT3/4/RC
Py ®  SiCJFET IFX
NE » GaN HEMT published
IS
~
~
=
<
x
5
o

-+ Advanced Packaging (!)

ETH:zurich

10000
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—> Fully Digital Control / Computing Power / Flexibility

transistors

Pentium# 4 Processor,] 100,000,000
Pentium# Il Processor
MOORE'S LAW
Pentium® 1l Processor 10,000,000
Pentium® Processor
486™ DX Processor,
. 11,000,000
386" Processor, *
-
P o 4 100,000
< Eata
~ o {10,000
8008 & 2 SN A
4004 & SN 1
s i : 1000
1970 1975 1980 1985 1990 1995 2000
> M 'sL
oore's Law
-y




“IC I Power Electronic Systems 39/93 ——
I = Laboratory

SiC-MOSFETs vs. Si-IGBTs

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

Si-IGBT / Hybrid-Pack 2 SiC-MOSFET / (scaled for low inductance)
Turn-off @ TJ = 25°C Turn-off @ T, = 25°C
1000 1000
25 nH 16 par. Chips
800 1 800 6nH ]
< < 50 A/ns
£ 800 £ 800
= 400 = 400}
= IS
> 200 r = 200 T 33 V/ns
0 oF -
) 200 400 600 800 1000 ) 200 400 600 800 1000
t inns t inns
E g = 45900 pl -> 8 kV/us at 400V E = 4672 W -> 44 kV/us at 400 V
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Effect of Commutation Loop Inductance

aU., U.
m Allowed L, Directly Related to Switching Time t, > L < 7 at, —
L IL
8 z
a=0.1
L, T '
100nH
Ui 10nH f———— b L
A A s
-/ 1nH / / LUl Ui
0.1Q Q4 10Q 4 1000 = Z=p

® Parallel Interleaving Allows to Split-Up Large Currents - Increase of Z / Allows Faster Switching
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Effect of Switch-Node Capactitance

al. U. _

m Allowed C, Directly Related to Switching Time t, => C » < Ul = ats (—1) !
i i
t P

Ur=— U
it =
100 pF
¥ ]
N[ )
! | iy [ [ten = 10pF | AN :
= = Ve 0.1Q 10 100 100Q = Z=--

A A h

® Series Interleaving for Split-Up of Large Voltages —> Decrease of Z / Allows Faster Switching
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Impedance Matching

m Direct Parallel/Series Connection of Switches/Bridge-Legs
m ISOP /IPOP / ISOS / IPOS Conn. of Isol. Conv. Modules U
m Also Allows Heat Spreading & Economy of Scale

PSR

3 s B

I
[l

o -

e Jep i IR

e Parallel Interleaving /
Split-Up of Large
Currents = Increase "/ _ACHA ~HZ_ACHA 1/ ACH -HZ ACH
of Z / Allows Faster
Switching e DC Hpc /- nc /-

e Series Interleaving / r/_AcC AC nZ_Ach ACH
Split-Up of Large f 5 i | ! !
Voltages = Decrease i L
of Z / Allows Faster PC
Switching —/ ack— L/ acH —/ act— / Aci—

=~
ETHziirich § .

—{pCc /hH {pc 7 —{pc A— HDC

DC . = DC #1- = DC /-
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Efficiency Analysis

Loss Components
Efficiency Maximum

&

‘..‘ ‘-“‘/
fwi g
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Influence of Loss Components on
Efficiency Characteristic

43/93 ——

5
o /41
P 1 P ==
n=-2= ~l—V RCZ U, [|R
1)1 1+ 5% I)2 ESR
) _
= — 2 R
PV - PV,O + PV,I + PV,II I kO + kIPZ + kIII)Z P (S)
aux
n n n

100% 100%* 7 100%+ — ‘

90% o 90% 90% m—t ]
80% / 80% 80%

70% 70% 70%

60% 60 % 60 %

50% I 50% 50%

40% 40% 40%

30% 30% 30%

20% 20% 20%

10% 10% 10%

0 -~ D 0 el
0 02 04 06 08 10 P 0 02 04 06 08 10 P 0 02 04 06 08 10 P
eos Cgoq MOSFET Losses ... Diodes eee Rps on)V\I;/!OS!:ET
Auxiliary Inductor'Winding
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Efficiency Maximum

100% I+
90% |
80% | - A
'.
1

’? max

70%
60 %
50%
40%
30%
20% P PV,II
10% by = P

— ——

o - -t e gt i Rl P2 - P 2

0 01 02 03 04 05 06 07 08 09 10 I

== P

v = Pv,o - Equal Const. & Quadratic Losses
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Influence of Chip Area on Efficiency

m Larger Chip Area - Lower On-Resistance / Cond. Losses BUT Higher Cap. Sw. Losses
m Optimal / Minimum Total Losses for Opt. Chip Area (Dependent on Sw. Frequency)

e,
Ul . N
o == _-To
Ul J T Z
° A 100.0%
, A Asiope-.,
v.T L— . .
' —
T T 7 . :
\g / / -
B S A /HJ
Py tmin + --\-} g———-—:‘::fil-:-:‘:::ﬂ - E / / /
0 ——i"""—;‘?-“““""“"“'“I'4.,;51 / / - P,
0 Asi; Asiopt Asin 0

e Part Load Efficiency Benefits from Ag; < As; opt
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Parallel Operation of Sub-Systems

m Efficiency Optimal Phase-Shedding ° st F&
m Maximization of Part-Load Efficiency JmE g jaF F ;|
1 _ 1 .
n{NPZ,sw}_n{NHPZ,sw} J Jn—« J";@J:} I
4 = -
n H o . .
100% ! 100% !
99% 99%
N=1l |, |2 N=1 12| 3 | 4
98% [= a5 98% [ i — =
97, 0,7_2.1‘_.?____ ......... 97% I//—-/ o —r O —
I Y “
’ / e
96% ! 96% |1
! l1~DZSWIDZSW / ! I/
95% i 95% Ly,
P, 2P, p I (0 / P, 2P, 3P, P
94 i . 12 049, L1 i [ 2

0 01 02 03 04 05 06 07 08 09 10 P 0 01 02 03 04 05 06 07 08 09 10 P

e Features Phase-Shedding — Equiv. to Adjust. Si-Area! > Part Load Efficien
e Features Cancellation of Harmonics —> Power Density & Efficiency
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Heat Sink Properties

Loss-Determined
Power Density Limit

CAUTION
HOT

ETH:zurich
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. LiTTLE BOX
CHALLENGE

m Design / Build the 2kW 1-O Solar Inverter with the Highest Power Density in the World
m Power Density > 3kW/dm3 (50W/in3)
m Efficiency >95%
m Case Temp. <60°C
m EMI FCCPart15B
|
ay,  °
—‘< 20 % - <3% THD,<5% THD,<5%
I V
450V;G —*3—‘:'*3—
400V ------- -
\Vi —_ W v H ] .
‘ T 05 < +0.7..-0.7 |
200 nF == . cosP < +0.7...-0. !
I = —l—ig< 50 mA f0=60HZ

e Push the Forefront of New Technologies in R&D of High Power Density Inverters
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. The Grand Prize

m Highest Power Density (> 50W/in3)
m Highest Level of Innovation

$1,000,000

e Timeline - Challenge Announced in Summer 2014
- 2000+ Teams Registered Worldwide
- 100+ Teams Submitted a Technical Description until July 22, 2015
- 18 Finalists (3 No-Shows)

——
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Power Density Limit Due to Cooling

m Max. Possible Power Density Def. by Heatsink Volume

_ B Google
Prmax = 7,1 Little-Box 2.0
Hs 240 W/in?

m Cooling System Performance Index (CSPI)

« Highest Performance Fan
« Fin Thickness / Channel Width Optimization

« Maximum Thermal Conductance / Volume
I)loss [ﬂ
G G, _AT_'°
CSPI = —%— —» Max Vol g = —"— = —¢
ol " CSPI  CSPI
= Apy k- A
m Eff.-Dependent Power Density Limit ik s iy o operating
Yt == = point
4 £
1— Z
P.=(-mpp=""1""p, | T 5 /
. i i R
pmax = 1 A]-;—GCSPI %’] - : 1 1 | [ [ : [
1-n) SRR Ve [m3s] e
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Multi- Ob ective
Opt1m1zat1on

Abstraction of Converter Design

Design Space / Performance Space
Pareto Front

Sensitivities / Trade-0ffs
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Required Performance Improvement

Environmental Impact... [kge. /kW]
[kgc, /kW]
[kgy /kW]
[em?; /kW]
v State-of-the-Art

Weight / Volume

v 4

Losses

Failure Rate

m Performance Indices

Power Density [kW/dm3] Future

Power per Unit Weig/; [kW/kg] > Time-to-
Relative Costs [kW/$] |
Relative Losses [%] Market
Failure Rate  [h]
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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

ETHziirich @ _




=1C I Power Electronic Systems 52/93 ——
I = Laboratory

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

ETHziirich § _
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Abstraction of Power Converter Design

n
Performance Space
e Efficiency
o Power Density N
e Costs > P
Performance Space * Reliabiliy / e Evaluation Formulas
. e T ¢ Lifetime Models
________________________________________ Costs ‘f(x’k) - e Cost Models
: System | e etc.
Des.lgn Space e Phase-Shift DC/DC Conv.
* Resonant DC/DC Conv,
e DC Link AC/AC Conv. * Specifications
e Matrix AC/AC Conv. * Operation Limits
e cle. * Converter Topology
e Modulation Scheme
1 m - e Control Concept
Comp(ments 2 ¢ Operation Mode
¢ Power Semiconductor ¢ Operating Frequ.
e Interconnections ® eflc.
e Inductors, Transt.
e Capacitors
* Control Circuit L U Il e Doping Profiles
* e m * Geometric Properties
1 ! -, Winding Arrangements
Materials ® Magnetic Core Geometries

Semiconductor Mat . * ete.

L]

e Conductor Mat.
® Magnetic Mat.
* Dielectric Mat ,
. elc,

e Mapping of “Design Space” into System “Performance Space”
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Mathematical Modeling
of the Converter Design

Specifications

54/93 ——

V], V(}, .P(), At’(}, CISPR 11/22 A,B

l

Converter Topology
Modulation Scheme

l

Electric Power Circuit Model

Component Values, fp

Icms I/ A ims I drms Hang ity /vy
l " 1 ¢ }
Capacitor Transformer / Inductor Semiconductor | CM Noise ‘ | DM Noise ‘
Type + Windings Geom. Type Model Model

* Wire Type lA("f” 1,1,‘;”

* Core Geom. - —

* Core Type Offline Optimized DM/CM

Loss Model Filter Topology
l Cu-wlct'n‘ % l-’-nu/f-('.u
Loss Model ‘ Reluctance Model | 7; Filter Filter Inductor
Capacitor + Geometry
l DI Lo | Thermal Model Type + Material
Min. Loss Model 1 1
Losses + Windings RY
B<B « Core " ‘ Loss Model ‘ Loss Model |
=Dg
T<lu|  freim | Off-line
™ Optimized .
’ Thermal Model | Heat Sink Min.
Vol
Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink }_osseil EMI Filter | EMI Filter EMI Filter
Volume Losses Volume Volume o Cap. Vol ]Cap. Losses Ind. Losses

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

}_

|

Total Converter Volume / Losses

e Multi-Objective Optimization - Guarantees Best Utilization of All Degrees of Freedom ()
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Multi-Objective Optimization (1)

m Ensures Optimal Mapping of the “Design Space” into the “Performance Space”
m Identifies Absolute Performance Limits - Pareto Front / Surface

n
A
N~ P
o on ;
Wp ap P ”J'
/’ > p
Design Space Performance Space
e (Clarifies Sensitivity Ap/ Ak to Improvements of Technologies
e Trade-off Analysis
—
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Determination of the n-p-Pareto Front (a)

Comp.-Level Degrees of Freedom of the Design

Core Geometry / Material
Single / Multiple Airgaps
Solid / Litz Wire, Foils
Winding Topology

Natural / Forced Conv. Cooling
Hard-/Soft-Switching

Si / SiC

etc.

etc.

etc.

System-Level Degrees of Freedom

Circuit Topology
Modulation Scheme
Switching Frequ.
etc.

etc.

Only /7-p-Pareto Front Allows Comprehensive
Comparison of Converter Concepts (!)

| o [

A n-p-Pareto-Front

i Power
Density

n o Limit
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Laboratory

Determination of the n-p-Pareto Front (b)

m Example: Consider Only f, as Design Parameter

m Only the Consideration of

All Possible Designs / Degrees

of Freedom Clarifies the
Absolute n7-p-Performance
Limit

X f,=100kHz

[N+
~

ETH:zurich

Je

Efficiency [%]

“Pareto Front”
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\ R Output
Absolute #-p-Limit Inductor (iapa(:ltor
100 | =)
! T
®
98 -
o
Heat sink &
96 1 Output Cap.
94 H — !
n-p-Limit __—/ Heat sink
for Specific " |
Design .
92 - !
/
[ 7
90 - |
0 2 8 10
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Multi-0Objective Optimization (2)

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

ETHzirich @ _
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Converter n-p-o-Pareto Surface (1)

m Pareto Front / Surface Used for Performance Evaluation
m Definition of a Power Electronics “Technology Node” = (n*p*,0* f*)
m  Maximum o [kW/$], Related Efficiency & Power Density

n
~100%
np,o
na-Opt. L oo, - A
v 0 -p-c-Pareto
/d ’”Surface
| AN
N
N A np-Opt.
/T Timomamas
ap-Opt.

fo

e Specifying Only a Single Performance Index is of No Value (!)
e Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)
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Converter n-p-o-Pareto Surface (2)

m Pareto Front / Surface Used for Performance Evaluation
m Definition of a Power Electronics “Technology Node” = (n*p*,0* f*)
m  Maximum o [kW/$], Related Efficiency & Power Density

n
~100%
np,o
na-Opt. L oo, - A
v 0 -p-c-Pareto
/d : /Surface
v
N
N A np-Opt.
/T Timomamas
ap-Opt.

e Specifying Only a Single Performance Index is of No Value (!)
e Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)
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! YEINEI M 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
105

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

ing Cost/Comp
2

Relative M

1 10 102 103 104 105 ]'P*

Number of Components Per Integrated Circuit

e Definition of “7%p* o™ f,*~Node” Must Consider Conv. Type / Operating Range etc. (!)
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Technology
Development Characteristics

Hype Cycle
S-Curve / Disruption
Learning Curve

.4
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Hype-Cycle of Technologies

Solid-State Transformers

700

m Innovations are Driven by “Demand Pull”

and “Technology Push”
m New Technologies are “Enablers” -

Technology Roadmaps xe”
m Initially Overexpected Importance of New

Technologies Due to Exp. Increasing # of
Publications (Positive Feedback) etc.

196x
197x
198x
199x%
2000
2005
2010
2015

‘. And Update My Website
@ AndUpdateMyWebsite.com

N
Peak of Inflated
Expectations
Plateau of
Productivity
DR;?:;[I;:;&I >  Production [— Marketing [ Mfr):gtels\?::d E‘
1 1 S
-§ Slope of
Enlightenment
Ii?:ﬂ;g]g{m > Production | Marketing — M[::kceir;\?:; d EiE 'IgrOl;ghof .
Technology isilusionmen
P Triig‘ier
e New Technology - ? of “Killer” Application L[] N
Maturity
T ==~y
\\
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S-Curve Pattern of Innovation

m Technologies Show Predictable Cycle of Adoption / Growth / Maturity &S-Curve)
m Breakthrough Inventions - More Ideal Way of Delivering an Existing Function

Plateau & Decline

Maturity Point

Revenue & Product Performance

Performance Replacement Second technology
. z (Disruptive)
= 5 » Technology
% !
43} w -lz 7 .
I ’ Dilemma Zone

\ Early A First technology (Disruption ?)

™~ Existing \
Technology N

doption

\

» Effort / Time

Time or Engineering Effort

e Evolution of Systems Driven by S-Curves of All Core Technologies

ETH:zirich D
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S-Curve of Power Electronics

m Power Electronics 1.0 2 4.0

/
/
! “Passives” I'
Adv. Packaging /
Automated Design of Converters &
44 144
Systems” /
Interdisciplinarity 4.0
WBG
» Super-Junct. Techn. / WBG
P > Di i_tal/Povyer /
Modeling & Simulation 3 |

Performance Replacement p» Power MQSFETS & IGB.TS

+ . 3 (Disruptive) Microelectronics

5 £ ¢ JnOeRY » Circuit Topologies

E 2 = >Modglationl Concepts 2.0
\ . < . ggRts /DDio- des ontrol Concepts
3y olid-State Devices _/
™~ Existing 5 1.0
Technology N
» Effort/Time m * 2025
1958 2015
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Disruptive Innovations

m Example — Rapid Change of Transportation Enabled by New Technology (ICE) & Business Model
Tony Seba: “All New Vehicles, Globally, will be Electric by 2030”

— NY City, 5t Av., Easter Parade > Year 1900: One Motor Cycle / Year 1913: One Horse & Carriage (!)

o Further Examples - Digital / Analogue Photography, VHS Cassette Tape System / DVD etc.
e The Stone Age Didn’t End for the Lack of Stone (Disrupted by Bronze Tools)

ETHziirich @ _
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Learning Curve of Technologies

m Analysis of the Performance Improvement as Function of Accumulated Experience
m Learning Rate - Improvement / Cost Reduction for Each Doubling of Cumulative Installed Capacity

$5.00

Installed
Cost of
Electricity
$/kWh

$0.50

$0.20

$0.05

Cumulative production GigaWp

01 1 10 100

1,000

° 1978

\* Single crystal, evaporated contacts

“\_* Screen printed metal

v * Wire saws

* Textured mono

* Aluminum BSF

* Cast multi

* Point contact mono

* Passivating SN

* |so-texture multi

7% Global
Generation
from PV

Retail Natural Gas Electricity N
Grid Parity

Wholesale Coal Electricity ~

Source: Professor Emanuel Sachs, Massachusetts Insititute of Technology.

* Assumes annual production growth of 35% and an 18% learning curve. PV costs based on 18% capacity factor and 7% discount rate.

e Typ. Learning Rate of 15...25% —> Dramatic Cost Reduction over Longer Timespan
e Used for Prediction of Future Costs of a Technology (e.g. PV “Grid Parity”) = Long Term Strategies

ETH:zurich
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Future Applications
Driven by MEGATRENDS
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Industry Automation / Robotics

All Kinds of Automated Assembling

Material Machining / Processing — Drilling, Milling, etc.
Pumps / Fans / Compressors

etc., etc.

Source: t‘?’j TESLA MOTORS

® 60% of El. Energy Used in Industry Consumed by VSDs

ETH:zurich é —
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8 o i

Deep Green/Zero®® “"""\j Datacenters

Server-Farms

m Ranging from Medium Voltage to Power-Supplies-on-Chip

m Short Power Supply Innovation Cycles 90,968 9t0? 4<5??OMW

m Modularity / Scalability $1.0'Mio./SOKutdosvﬁ
Since 2006

— Higher Availability

— Higher Efficiency Running Costs >
— Higher Power Density Initial Costs
— Lower Costs

-
-
“«
.
.

\

< ~
S
o <
2 &
3

\

{4

48 Watta 60 Watts

3
g
3

Y
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— Future Modular Power Distribution

m Direct MV-Supply of Individual Racks Using Solid-State Transformer = 5...7% Red. in Losses
m Improves Reliability & Power Quality / Smaller Footprint

— Conventional
AC ppy . Rack
LFT UPS ‘,\_ 380...410V Server
A D 2 P A D
AC 35kV© | 480V |AC ¢/, as0v 08V [ag DC c/12v VRM
3 AC ‘3 AC DCT AC| 3 AC AC \»\L DC l Dc| DC |
- § PSU i ]
— Direct 3-® 6.6kV AC —> 48V DC Conversion / Unidirectional SST
Rack
AC o e
: ST S— ICT.
4.16kV | 4.16 kV HAC AC7|: 18V oal
AC— / i - 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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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) )

() O
v 9

( o iA‘,‘I:‘ e '*‘ o
?/\. ‘ / N/

Value

600

450

300

70/93 ——

* o s |
* o )
(] ® 150
) P ® o
®
» ® ¢ ™ °
® o © 0
3 10 21 36 . Number of nodes - Connections
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Climate Change

m Evidence from Ice Cores

local
temperature °C

71/93 ——
m CO, Concentration & Temperature Development year AD
1,000 1,500 2,000
| 380
— 360
— 340
— 320
— 300
— 280
260
— 240 global carb?rr;tdiuxide
[\ |\ \ 990 Gﬂﬂ?pﬂmv 1an
I
\ |
<4 WMy W \J’“ H
-5 — l|||h || J
s A WA Ty
i Average Increase
400,000 350,000 300,000 250,000 200,000 150,000 100,000 50,000 0040/0?a
years before the present
e Reduce C0, Emissions Intensity (C0,/GDP) to Stabilize Atmospheric CO, Concentration
e 1/3in 2050 — less than 1/10in 2100 (AIST, Japan @ IEA Workshop 2007)
T -y

ETH:zurich
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Climate Change

m CO, Concentration & Temperature Development
m Evidence from Ice Cores

Source: H. Nilsson
Chairman IEA DSM Program
FourFact AB

e Reduce C0, Emissions Intensity (C0,/GDP) to Stabilize Atmospheric CO, Concentration
e 1/3in 2050 — less than 1/10in 2100 (AIST, Japan @ IEA Workshop 2007)

———
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-> Off-Shore Wind Farms

m Medium-Voltage (DC) Power Collection and Transmission

Source: M. Prahm / Flickr

e Off-Shore Wind Farm

ETH:zUrich
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—> Wind Turbine Electrical System

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

43 +3
| Low-
AC Voltage
DC Cable
I 7 ——— Medium-
DC Voltage
AC Cable
T MvAC T MVAC
» On-Shore Wind Power System » Future Off-Shore System

ETHzirich é _
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—> 0ff-Shore Collector-Grid Concepts

MVAC
+3

@AC . |DC
T _<( ))7 LFT
DC AC G 9
LFT @ +— HVDC
DC AC

m Conventional AC Collector-Grid

MVDC
SST
A 5
@AC AC 8T
(L AC © DC|
1DC AC /| 2
R ; —O)— H—— HVDC
@‘ o Q| e
wr

m DC/DC-Interface of Wind Turbine DC Link to MVDC Collector Grid > Lower Losses (1%) & Volume
m DC/DC-Interface of MVDC Grid to HVDC Transmission - Lower Losses (1%) & Volume

ETHziirich @ _
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-> Utility-Scale Solar Power Plants

m Medium-Voltage (DC) Power Collection and Transmission

e Globally "‘ S ‘
Installed PV h\4‘ m‘
Capacity AN N ‘\. »
Forecasted to Y S
2030 (IEA) o TS\ AT\

ETH:zurich




S1C I Power Electronic Systems
I = Laboratory

—> Future DC Collector Grid

m DC/DC Solid-State Transformer

77/93 ——

for MPPT & Direct Interfacing ?:22;¥?3§?§§
of PV Strings to MV Collector Grid System _
.. ) HV Mains 1 1 HV Mains
m 1.5% Efficiency Gain 13 +3
Compared to Conv.
AC Technology @
AC AC Medium-Voltage = AC
LFT - 99 %
AC 99% _
Medium-Voltage l
Collector Grid I l ] DC
AC AC] DC DC/]:
DC DC | LAC]: AC|:
] ey SST é ST é 1 99%
Maximum Power DC DC AC AC
Point Tracking 9% '
DC/DC Converter DC pc, L DC| L/DC!
DC &I I &I &I l ﬁ Low-Voltage & i ﬁ &' I ﬁ DC
Conventional » MM MM Future » MM MM
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Sustainable Mobility

m EU Mandatory 2020 CO, Emission Targets for New Cars

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

— 95¢ €0,/

e Hybrid Vehicles
e Electric Vehicles

ETH:zurich

CO, [in g/km]

m for Passenger Cars
— 100% Compliance in 2021

78/93 ——

1 THE INTERNATIONAL COUNCIL
ON CLEAN TRANSPORTATION

2012 1
1
180 ?\ I x
' ~ 2017: 178 g/km
~
~ ~ Alight-commercial
until 2007: -1%/year vehicles
160 ncnteedd i 2
_________ ~ -
~
1 ' x
140 H I 2020: 147 g/km
S ! -18% (2012-2020)
a9 2015: 130 g/km
f 2008: -4%
rom /year ~ p”
~
120 o .
~
passenger cars\
1 ~
1 ~
100 ' B
! ~
1 2020: 95 g/km b
! (one year phase-in)
| -28% (2012-2021)
80 :
2005 2010 2015 2020
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-> Ultra-Fast / High-Power 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 ﬁ _
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—> Bidirectional MV Interface

m Conventional
LFT

AC DC 1
AC—/ @ =1
3 DC DC
m Future Solid-State
Transformer (SST)-
Based Concept 9ST
AC AC| DC N
AC 3| AC © DC|. DC =tdo5
s
{AC DC AC 3
AC 3 DC AC Q DC =0

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

ETHziirich é _
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Sustainable 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 — /
13— 2024-2034
12 7= : %
B e 2014-2034 /
% e | g% ,,,,,,,,,
9 f——
8 —
y i
6 =
by &= /
Ao
3 o—
2 [
'| =
0
1974 1979 1989 1994 2004 2009 2014 2019 2024 2029 2034
Source: International Civil Aviation Organization (ICAO)/Airbus 2015
———
ETH:zurich




82/93 ——

S1C I Power Electronic Systems
I" = Laboratory

—> Futuristic Mobility Concepts (1)

m Distributed Propulsion Aircraft
m Cut Emissions Until 2050

— €0, by 75%,
- NO b 90%,
— Noise Level by 65%

Eff. Optim. Gas Turbine
1000Wh/kg Batteries
Distrib. Fans (E-Thrust)

Supercond. Motors
Med. Volt. Power Distrib.

ETH:zurich

Source:

EADS

Future Hybrid
Distributed Propulsion A1rcraft
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—> Futuristic Mobility Concepts (2)

m Distributed Propulsion Aircraft
m Cut Emissions Until 2050

— €0, by 75%,
— NOz( by 90%,
_ 0,
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 ﬁ —
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—> Future Aircraft Electric Power System
» MV or Superconducting Power Distribution Integr. 1000Wh/kg Batteries (EADS-Concept)

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

S/G 1 S/G 2
3 3

4 416KV DC

16KV DC T

( )
U S P ey Eh b T T ]
DC DC DC {pc] : : . [pc/]i7 [oc DC DC
AC AC Ac| | /Acl : : L iLAAC) AC AC AC

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

—I_ +270V DC

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

+270V DC
T

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)

ETHzirich @ _
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=2 Future Technology Requirements

m Red. Inverter Volume / Weight >  Matching of Low High-Speed Motor Volume
m Lower Cooling Requirement - Low Inverter Losses & HF Motor Losses

m High Speed Machines —>  High Output Frequency Range

100
X 99
=
e
g = ey 2
g3 T n>9%8% ey
£ 97Fe 4> 10kW/kg
_____  RORI SRR OR RN NSRS SR SR RS SR
96 L
0 5 10 15 20 25

Gravimetric Power Density - v (kW /kg)

—> Main “Enablers” — SiC/GaN Power Semiconductors & Adv. Inverter Topologies

ETH:zurich ﬁ —
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-2 Futuristic Ground-Based Mobility

m Hyperloop
m San Francisco - Los Angeles in 35min

S HYPERLOOP

POD COMPETITION
www.spacex.com/hyperloop

e 60 yeu
500

200u

» 8 Y )

80w

Low Pressure Tube
Magnetic Levitation
Linear Ind. Motor

Air Compressor in Nose

ETH:zurich
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Urbanization

m 60% of World Population Exp. to Livein Urban Cities by 2025
m 30 MEGA Cities Globally by 2023

Smart Buildings
Smart Mobility
Smart Energy / Grid
Smart ICT, etc.

87/93 ——

Moscow, Russia
12.1m12.2m

London, UK

New York, US 10.3m 11.4m

—
L

Cairo, Egypt
18.7m 24.5m

Los Angeles, US LESMII By
12.3m 13.2m

R

Paris, France
10.8m 11.8m

!

Karachi, Pakistan
16.6m 24.8m

Chongging, China
13.3m17.3m

Dehli, India
25.7m 36m

Beijing, China
20.3m 27.7m

Chengdu, China
7.6m 10.1m
Lahore, Pakistan Tokyo, Japan
8.7m 13m [ ; 38m 37.1m

Shanghai, China

Bogot4, Colombia
9.7m11.9m

Mexico City, Mexico
21m 23.8m

Lagos, Nigeria
13.1m24.2m

@

A

gkok, Thailand

KEY

Sao Paulo, Brazil
21m 23.4m

N A

Buenos Aires, Argentina
15.17m 16.9m

Luanda, Angola

Current megacities 5.5m 10.4m

(2

Future megacities

[

e Selected Current & Future MEGA Cities 2015 - 2030

2015 population

Rio de Janeiro, Brazil
12.9m 14.1m

2030 population

2015 population
2030 population

ETH:zurich

Kinshasa, Congo
11.5m 20m

23.7m 30.7m
9.2m 11.5
Ahmedabad, India = = . —
7.3m 10.5m ® Manila, Philippines
— 12.9m 16.7m
Mumbai, India Ho Chi Minh City, Vietnam
21m27.8m 7.3m 10.2m
Hyderabad, India
8.9m12.7m
Jakarta, Indonesia
Johannesburg, South Africa 10.3m 13.8m
9.7m11.9m
——
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—> Smart Cities / Grids / Buildings (1)

m Masdar = “Source”
— Fully Sustainable Energy Generation

* Zero CO,

* Zero Waste Masdar
— EV Transport / IPT Charging
— to be finished 2025

to Base | « Self-optimizing
Power . Self-islanding
+ Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, etc.)

o Base
Power

Power

ETH:zurich
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- Smart Cities / Grids / Buildings (2)

m Masdar = “Source”
— Fully Sustainable Energy Generation

* Zero CO
* Zero Waste Masdar G

CITY

— EV Transport / IPT Charging
— to be finished 2025

to Base | « Self-optimizing
Power . Self.islanding
+ Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, etc.)

o Base
Power

Power

ETH:zurich
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—> DC Microgrids

400VAC 3
l l
AC AC
bc| |/be
e e
DC DC
M |DC ]|I)C
— Conventional
ETH:zurich

m Local DC Microgrid Integrating Loads/Ren. Sources/Storage
No Low-Voltage AC/DC Conversion = Higher Efficiency & Lower Realization Effort

1 SST

DC

¢,/ [pc, ] [bc A [pc
|DC AC |DC 1|)c

|

— Future SST-Based Concept

90/93 ——
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Alleviate Poverty

m 2 Billion “Bottom-of-the-Pyramid People” are Lacking Access to Clean Energy
m Rural Electrification in the Developing World

Lowsincome households

in Alrica can spend up to
40% of
their income
on fuels for heoting, bghting

and cooking,

1.2 billion
peoplalock occess 1o any
fype of rekoble ond

(((((

s unrebo
and modeq

basic need:

quate to meet

ot}

The number of people without access to electricity

91/93 ——

LATIN AMERICA

” o @

2030 @ (2m)

SUB-SAHARAN AFRICA

2000 @ (o

2030 @

REST OF ASIA

o i

2030 e @

CHINA

2030 0 0

. Rural
. Urban

Over 1 billion people will still be without access to electricity in 2030

Source: [EA, Dalberg Analysis, IFC

e Urgent Need for Village-Scale Solar DC Microgrids etc.
e 2 USS$ for 2 LED Lights + Mobile-Phone Charging / Household / Month (!)
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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 / L 100kwW
Integrated |22
Solutions —

At System
Applications r -~
J i

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

10w

e Key Importance of Technology Partnerships of Academia & Industry

ETHziirich @ _
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Conclusion

Source: www.insites-consulting.com

—> Power Electronics is a Key
and Enabling Technology for all Kinds
of Electric Energy Utilization !
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Thank you!
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1-® AC/DC Conversion

DC-Side Energy Storage Requirement
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1-® AC/DC Conversion

m Example of Boost-Type PFC Rectifier

D
% o—-—o > o +
i |teac] T +|C
—— EE — UC
+ —
= Ugate
i) . _ L
Us A
+ - *
I"gate“’_hl:[[, é n Tﬁ. O; éf) Ti' Q:_— Uc
PWM current voltage
controller controller

A1/5 —

400V F flf AC ' 150 A
. ARy | .
i ' T
{-50 A
400V £ . | ;
10kW | ' [ [ ]
PAcC
swh /N N
to
A0V e o~
4 \
T AU, C Uc "T"
0 ; 10 15 t [ms|

e Input Voltage & Current / Power Flow / DC Output Voltage Fluctuation

ETH:zurich
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Passive Power Pulsation Buffer

W C.nom

L I 1 1 -
0 0.2 0.4 0.6 0.8 1.0 Uanum

Example So = 2.0 kVA
cos ®, =0.7
Ue, =400V
0,

e (>1.3mF/100cm?® - 1/3 of the Total Converter Volume (!)

S
ETHziirich G _
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Active Power Pulsation Buffer

m Large Voltage Fluctuation Foil or Ceramic Capacitor
m Buck-Type (Lower Voltage Levels) or Boost-Type DC/DC Interface Converter

108 x 1.2yF /400 V

CeraLink™ C, = 140yF
ATDK V,=23.7cm3
e Significantly Lower Overall Volume Compared to Electrolytic Capacitor .

ETHzirich Q _
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Scaling of Electric Machines
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Scaling of Electric Machines (1)

m Generated Force Dependent on Magnetic Field and Current
m Current Def. by “Current Loading” (A/cm) or Current Density (A/cm?) or Cooling (W/cm?)
m Magnetic Field Strength Limited by Saturation

- Assumption: A = const. F=I-1-B=Ar,-l-B

—> Rotor Surface Area Related Force (N/cm?)

o= F =A-B =

o TTZNTT

- Torque
d d?
T=—(dr-)o ~2A-B( 7[.1) ~ I3
il 2 4
e Const. Current Density T~ L'
e (Const. Loss / Surface T~ [3°

ETHziirich é _
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Scaling of Electric Machines (2)

m Dependency of Motor / Generator Size on Output Power
m Overall Size Drops with Increasing Motor Speed

> Power P=T-w=T-2xn > Volume L'~T~—

n &
T T=;T

e Gearbox Required for Low Speed of Turbine / Load - Adds Volume and Losses

ETH:zurich
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