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|-| C 5 Power Electronic Systems

Laboratory

ETH Zurich

21 Nobel Prizes
509 Professors
5800 T&R Staff

2 Campuses
136 Labs

35% Int. Students
90 Nationalities
36 Languages

1501 Anniv. in 2005

_ Departments
ARCH Architecture
BAUG Civil, Environmental and Geomatics Eng.
BIOL Biology
BSSE Biosystems
CHAB Chemistry and Applied Biosciences
ERDW Earth Sciences
GESS Humanities, Social and Political Sciences
HEST Health Sciences, Technology
INFK Computer Science
ITET Information Technology and Electrical Eng.
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

14 %5 0B.Sc.+M.SStudents
4 55 0 0 Doctoral Students
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ITET- Researchin-Energy

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

Balance of Fundamental and
Application Oriented Research
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Power Electronic Systems Laboratory

Industry Relations
R. Coccia / B. Seiler

Johann W. Kolar

Adv. Mechatronic Systems
D. Bortis

ACGDC

AGAC DCDC DCAC Multi-Domain § Measurement Advanced Magnetic
Converter Converter Converter Converter Modeling Technology | Mechatronics Levitation
F. Krismer D. Bortis F. Krismer D. Bortis D. Bortis
P. Bezerra
M. Heller J. Azurza T. Guillod M. Antivachis ) Th. Holenstein
D. Menzi P. Czyz G. Knabben J. Bohler P.Papamanoli| P. Niklaus E. Hubmann P. Puntener
D. Neumayr M. Haider J. Schéfer M. Guacci S. Miric
L Secretariat Administration

M. Kohn /Y. Schnyder

P. Maurantonio

Computer Systems
M. Eisenstat

P. Seitz

Electronics Laboratory

19 Ph.D. Students

2 Sen. Researchers
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Outline

Introduction

AC vs. DC o

1-0 vs. 30 Power Transmission
Power Transistors & Packaging =
Efficiency & MulObjective Optimization
Future Technology Development
Conclusions

SISO

ETH:zurich ﬁ _
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Introduction

A Leap Back in Time _
to the Beginnings of Electrical
Engineering

ETHzirich @ _
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18t Industrial Revolabardy Industry 1.0

y 1760A 1840

Yy Introduced by Numerous Key Inventions

Yy New Machines Facilitating Adv. Production & Transportation (Locomotives, Ships)
y

Coal Fired Steam Engine (J. Watt, 1776) as Main Power Source

2/93 ——

ETH:zurich
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2" Industrial RevolutionA> Industry 20

y 1840A 1880

Yy New Steel Mass Manufacturing Processes (H. Bessemer, 1856)

Yy Electrical Technology Developed / Main Source of Power & Used in Adv. Production
Yy First Giant Industrial Corporations (e.g. GE, 1892)

_______

BRRRRRRRRRR)|
- SN
RRRRIRIRRRR|__|
—~

%

10]0]0/0]0]0]0]0/0/0/0}0]
R e

s U~BO vO B=l uk

0 Steam Turbine DrivddC Generator / Dynart® L olnegg g e d MaT.A. EdSory880)
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Voltage StegJp/StepDown

ETH:zurich
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Loesses0f D@ PowertSystems

Yy Increase of Transmission Line Resistance with Transmission Disfance
Y Red. of Resistance for Fixed Voltage only Through Larger Conductor CrossASection

- . 1
A Transmission Losses P, . =2 G—) RO —;
22U, U,
48V DC
+ B,
1 380V DC 4350y DO
lUDC :
| ] Boe X
[UDC

R = \

Conductor Cross Sectiods,
for Same Losses

u

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

ETHziirich @ _
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VoltageStepUp/Down A ACPRowel/System

Yy
Yy
y
A

Voltage Transformation Basedda| e ct r o ma g n gM. Faraddy,183L)c t i o n »
First Transformers Employing Toroidal Cores Starting 1878
Initially Different Operating Frequencies (e.g. 133Hz)

Applied Voltage Determines Rate of Change of Magn. Flux

F
w=N, &
dF |
o
A~ g N, P17 Py
! 2'Nl f1:f2 3

1st Transformer Construction Allowing Easy Manufacturing (W. Stanley / G. Westinghouse)
2.2kVA 11kV forLong Distance-8 Power TransmissidiNiagara Fall#, Buffalo, 1896)

ETHziirich @ _
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ClassicalhranstoemeroBreperties

1 MagneticCoreMaterial * Silicon Steel

1 Winding Material * Copper or Aluminium

1 Insulation/Cooling * Mineral Oil or DryType

1 Operating Frequency *50/60Hz (El. Grid, Traction) oi6.7Hz(Traction)

Source: www.faceofmalawi.com

4 W

Yy Main Advantages

Inexpensive

Purely Passive

Highly Robust / Reliable
Highly Efficient

Short Circuit Current Limitation

e

ETH:zurich
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Sedlingof 1-0° Transtonmers i)

Yy Relation of Applied Voltage and Magnetic Flux

u, =~/2U, sin(wt) = N, %’; A F=- 2u

1 Magnetic Core A =-L U, é
Cross Section E- Vg f N,
I .
1 Winding Window AWZZle o
W* rms
P
y Area Product AEsz%k 7 L f~L4
W* rms™ max

M. Rated Power <
kvt . Window Utilization Fac
B ax- Flux Density Amplitude

0

%ery Wi nding Current Density

M. Frequency

0 Economic Advantage of Large Systedn8 T h e

ETH:zurich

cos(wt) =I§AE cos( W)

Bigger

Better »

7/93 ——
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Scdlingof 1-0> TransfonmersA2)

y  Rated Power of Transformers S,=U,I, ¥, 31,3+ EI, Sf
1
S=—-auU.l,
2 i 1
P S
1 Area Product ALA, = % = -“% ~

kW ers Bmax f kW ers Bmax f

1 Scaling of Power S~I
1 Scaling of Volume / Mass / Costs V~I m~ I}
1 Scaling of Core & Wdg Losses P,, =pwVy ~L P,,=p,V,~L

0 Economic Advantage of Large SysteinsLower Relative Costs & Higher Efficiency (!)

ETHziirich @ _
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Scdlingof 1-0> Transfonmaersis)

DP, 1 DI J?
Winding Losses = = ___(J__DA)? =l

y 9 Py A Ao =™ T ap” 4
DPVE apb

Yy Core Losses Py =——=kf'B” a 42..2 b Z3..3
DV,

P,
{%} 1 Hysteresis Losses (W/én Py =Cuf B’

1 Eddy Curr. Losses (W/&m U~ (3 dl)fé

S

\\
=
S
z
X
L S
<
%;
p—

— =10
f
107 5 4 ¢ ﬁ
2 dt
// | R i
/ k(L dh) ]
llJI 0 10°? 0 B ] ’ ’ b
n=-—
d

Losses prop. tovolume / Heat Transfer to Ambient prop. to Surface
Requires Adv. Cooling of Higher Power Systems for Avdiderghal Limitation

ETHziirich é _
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Scdlingof 1-00 Transfonmaers4{4)

Yy Thermally Limited Designg, Allowed Increase dfosseoupled to Increase &urface

1 Surface Area O~17

A

1
1 Core Losses P.~B°I*~1) A B-~L"’

1

! Winding Losses P, ~J: L'~ A J_~L?

3

1 Winding Current I ~L*J__~L?

1. A Ao 2 ‘5
1 Scaling for Power Rating S= 58 Ul ~FI_ ~(U’B )[*~L"L"”~=0

0 Volume prop. to Rated Powar Constant Power Density (!)

ETHziirich @ _
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B LENET scalingsapplieddaBiology

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

1 Mass / Weight of an Animal m~ L
kg o
1 AreaRelated Strength of Bones S ( Cm2) const.
1 Required Diameter of the Bones s D* ~m ~ L
3
D~ I?

First Systematic Studies l@yalileo Galile(1564-1642)
Diameter of Bones Disproportional to Length

O< O«

ETH:zurich
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3-00 ACrPower Transmission

Lower Realization Effort
Constant Instantaneous Power Flow
Generation of Constant Torque

ETHziirich @ _
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Advantages 0f-80 Powerrimaifsfers (1)

y Comparison fot-0 Power Transfer t@ x 1-t System & Dire@-0 System

e i | R
T, 'y | — I
|
l |
‘ _ | |
\/ — : ;
- A I
L e
31 3R
U - 1 T
i
~) — s ——s
7l
t ~ - o ——
i
i . . . i | 3R
17 3] I I3 Y - < {1
L L - ‘
GGG ~ - 1
i ]
~ - ¢
1
A ntieti=0 fE—————
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Adantages 0f-80 PowerTldaifsfe?(2)

Yy~ Comparison of Instantaneous Power Flod-af and Direct3-0 System

1 Voltage & Current Zero CrossiAgs
Power Fluctuation of-Ti System
with 2x Supply Frequency

p(t)=ui UI [1 eos(ZWt)]

pi(?) pz({) p3(0)

LN = . ~
’ . e N
p >

p(6) = wiy +ui, i, I XA ALK

3-0 SystemA d nt erl eavi ng?® o fConsthrstanaheaus éseralRRowen Flow s
No Storage Required for@B AC/DC Conversion & Const. Torque Generatieln Machines

ETHziirich @ _
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B RN Classical Locomotives

]

Yy 1-0 Overhead Line Supply Used for SimplicRail for Current Return
Yy 16.7HzDue to Suppl¥frequ Related Commutation Problem of E4Hy ACCommutatoMotors
Catenary Voltage 15kV or 25kV
Frequency 16.7Hz or 50Hz
Power Level 1p10MW ty [ T T 11111 T 1
15 kV 1ph

________________________________________________________________

.....

Source: www.abb.com i
16.7 Hz
) ‘ _ I:I AC 1 |DbC
4 - = ;{‘.,; I 3

1

0 Transformer Efficiency 9 0 u 9 fdée toRestr Vol., 99% typ. for Distr. Transf.)
Current Density 6 A/mn? (2A/mm? typ. Distribution Transformer)
Power Density 2np4 kg/ kVA

ETHziirich @ _
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J

ACwvs.DC
Power TransmlsssPor

S

TP

-— &

NIKOLA
TESLA

THOMAS
EDISON

T.A. Edison vs. N. Tesla
DC Advantages for Very Long
Distance Transmission

ETHziirich @ _
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!Remark - CleWe of Waents“of Current s

y* DC Curreritavored b¥:dison(Safety) / AC Technologiavored byWestinghous€Transmission)
y Kil |l ing oropsyE |l (elp9hOa3n)t b°y EIl ectrocution to Demon
y AC DynamoElRtooChared s° Al t er n &At°WesenghowwsedHa ngi ng

1 AC Electric Chair 1 Documentary Film bydison Film Company

=
ETHziirich @ _
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ACvs DCPaweiTransmission(1)

y" DC Voltagd Max. Utilization ofisol. Voltage”A Lower Losses & Less Conductor Material (1)

Ry | R, |
Ovne
o [ Rue
jUDC ' :
A
UDC- ————————————————————————
t iy
- UDC —————————————————————————
V pc = QFDC) IQ

P

3 £
V,DC AC 2
- ) |UDL—UAC—\/_UAL 0=75

V

0 Transformation of DC Voltage Level Requires Power Electronics Interfaces (!)

ETHziirich é _




=IC I~ Power Electronic Systems 17/93 ——
=l Laboratory

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, L]
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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ACwsDCPowe MransmissionA2)

y" AC Cablg Thermal Limit Due to Cap. Current @ X = Pimax

x = T = L
fAC iAC,X:O ’
Uprc =, = G.L R
0

y" HVDC TransmissiorAdvantageous for Long Distances  Costs

AC+@—}AC —HVDC+ e ’—©—/—AC Cabl
3 DC AC 3 .- able

Terminal

.||__|
.||——|

Distance

Limc Lnc Lyc

0 LowFrequency ACFACHSs (Purely Passive) Solution for Medium Transmission Distances

ETHziirich Q _
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Transitionto Medern
Power Electronics

Mercury Arc Valves hyratronsh
Power Semiconductors

ETH:zurich é —
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ElectronicTranstonmner Histony

Yy System Using Mech. Switchestented Already ih913(!)
Yy Mechanical Sw TubesA Mercury Arc Valvés Solid State Switches

1,206,662, Patentéd Fov. 28, 1916,

. 2 SHEETS—SHEET 2.
LEgs = ‘
L =

11

T

|

N
1913 b P.M.J. Boucherot
1944 b E.F.W. Alexanderson et al.

(&N

D-c transformer

/935

] l

?
LOW-
VOLTAGE
MOTOR
CIRCUIT

f MOTOR
HIGH- MAAWWWWWA
woieE —a—j
Mlsi.lou P E

O°Transfor mer

ETH:zurich

of

Cont .
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|Phase advancing condensers

=
|

oc.
Input

JE%

!

/

Oy

we ] %
“ _" .l

l'I I |
—~3 [ | I
/ oc.
Ouéput

% 2 1

+l

(SoF

I

1928 b D.CPrince m
1968 b W. McMurraw

OCEU rercetnrtomn i/c °TD &Gx nTsrf aonr snfeor r
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Laboratory

United States Patent Office

20/93 ——

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.

3,517,300 I
Patented June 23, < 1970
L]
nverntor:
Wittiam McMurray;
. y/‘)’?.f; /-]Iii;a rey:
Frg. a

=

E-
o rd o
J9
[
‘;f 29 /4;% gﬂ: .
s “F o ‘o
o7 _147
rs
) 00 -

0 Transistor/DiodeBased ©° El ectronic Transfor mer »
0 AC or DC Voltage Regulat&nCurrent Regulation/Limitation/Interruption

== - A
> £ 2| % [3]
, E P
. P
Z‘J &5 e 45 7
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PowersSemicondietordavabution

y First Commerci@i Thyristor( Silicon Controlled RectifierSCRIntroduced in1958 by @
Yy UnipolarandBipolarPower Semiconductors
y  Development Status in 1998

Spreading of Si

PoweiSemiconductor  /Si Power “PN- REC SiC Power
Technology Device . i —
) Diamon
Power
JFET/SI RC Thyristor

*: Mass Production
** : Under Development

CT/EST

SITy CIMOSFETgTT

0 SiThyristorA SiBipolar Transisto®A SiPower MOSFATSHIGBTA Si€GaNTransistoA t.b.c.

ETH:zurich Aﬁ —
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Unipalar SirBoweteSeémicontuetors (1)

Yy Power MOSFEofHigher Blocking Capabilityy Drift Layer Determines G&tate Resistance
y Drift Layer Thickness Dependent on Blocking Capability

. 2V D
1 Blocking Voltage V,°iW(E, - W =% | orai
E EC E2
! Relation of Doping and-Eield Gradient e—=qN, = e~ G
w 2V, Gate
w w B s Source
1 OnState ResistanceR , = =
kA gqN, pA
. w . . . 4V?
1 SpecOnResistance R, =R A= 1 OSiliconLimi® R = B3
qN,m e (B,
S GT E A R:n - VBZ.4...2.6
RSﬂ m Poly-Gate /Slioz E
P"‘_ ? ® \\\\\\ - NDop.
Rit Ren I:I Repi 1a N
o !
A[pr - drift X
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Unipalar SirRoweteSemicontiuctors (2)

Yy SuperJunctionPower MOSFETS (199%) Breaking the Silicon Limit Ryg CUDS a0 ()
Yy Highly-Doped-Region / pColumns Compensating the Current Conductiafarge
Yy Space Charge Layer algmgJunction forU,s> 50V / Depleted Voltage Sustaining Drift Zone

[EIA [EIA
30
RDS.onXA /
[Qmm’] 25
konventioneller MOSFET
e s 20 Rpson UDE'S?BR
a c a b ¢
10 /
/ CoolMOS /
5 Z ,/
0 |l Ubs zr

0 200 400 600 800 1000 [V]

0 Electrical Conductivity Provided by Majority Carriers

ETH:zurich é —
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Si - Powe MOSFEHIexvelopment

Y SuperJunction Technologl Disruptive Improvement Decrease dRyg (on)

Source (Infineon

o= 600V MOSFET Technology
20 - i
conventional HVMOSl

E
E
£
£
2
x
©
E
=
S Future
0:8 CoolMOS™ [2nd Gen.|  [3rd Gen. || MOSFET-Gen.

] \%[>'§

; w
0 T v p
1992 1996 2000 2004 2008 2012

O Cont. Further Improvement / Main Challenges also in Low L/ ®ad¢kaging

ETH:zurich

O -
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Si - Isolated GateBipolar Transistor (lGBIT)

Yy MOSFET Structure Extended with D&ae p+ Laye, Minority Carrier Injection into nLayer
y" Conductivity ModulationA Lower OfState Voltage @ High Blocking Voltage Rating
Yy Lifetime of Min. CarriersA  Stored inpnp-BJT Base & ResultingdnTai | Current »/ Sv

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

COLLECTOR

_ i J
5 Jam])

J) collector (= drain)

EMITTER

0 IGBT:pnp-BipolarJunct TransistoDriven byn-Channel MOSHE Pseuddarlington Structure

ETHzirich @ _
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Si - IGBTObeNelopment (1)

y 1988 Punchkrhrough (PT)
Yy 1990 NomPunch Through (NPA) Rel. High O+State Voltage, pos. TK

y 2000 Field Stop (FS) Layer

NPT (non-PT)
G

E

E-Feld

n- (Basis:
Substrat)

w-p*r
c

FS (field stop)
G

E-Feld
4—
n- (Basis:
Substrat)
n+ (FS)
Y

VCEsat(125°C) [V] @ 75A

2.5 i i
1200V /75 A IGBT
rated switching power: 100kW
2 rated short circuit power: 500 kW
AlAg=044 E

1.5 i

1

1988 1992 1996 2000 2004 2008

A Low Losses (Tail Current), pos. TK

A High Costs & Neg. Temp. Coefficient (TK)

26/93 ——

Source Infineon

[ 4th Gen

[ 5thGen |

2012

0 Reverse Conducting (RC) IGBT Monolithloédlgr. FreeWheeling Diode (Spec. Anode Structure)

ETH:zurich
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Si - IGBTIPevelopmerit)(2)

Yy Field Stop (FS) LayerA Thinner Wafers & Improved Sw. Performance Comp. to NPT Structure

Yy FS Layer & Trench GAtelmproved Saturation Voltagé-g .,& TurrOff Energy

> -
Source @
4 | |
3rd Gen \ 4th Gen \ 5th Gen \
3.5 1
g
60 2
w/A ® 37
FS-IGBT =y
0 5 =
£ X100 O 25 ‘ ‘
a0 F FS i 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
£ t5rs =100 um 1.5
20 3PS u tps =120 um
SIFSIGBT  tge = 90 um
0 1 1 1 1 1 | 1 1 1 1 1

T4 dee WA B0 Bl 4 2 @8 T30 SN 1988 1992 1996 2000 2004 2008 2012
Ucesat —»

0 Reverse Conducting (RC) IGBT Monolithloédlgr. FreeWheeling Diode (Spec. Anode Structure)

ETHziirich @ _
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Modern:Switciviode
Power Conversion

PulseWidth Modulation
Time/Frequency Domain & Filtering———
Parallel & Serigsterleaving

ETH:zurich
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Pulse/WWidithvModulatet Converters
1
Basic Concept W, = ——
g ° e
u, Uy IF (o)l 2
U, o—— U, | 102 o U2
10! =g
10°
U1‘ ~So—+—o0 107 u
1072 0
[u2 RN
t/us == e Ig ® t/us
0 o0———° 0 ‘ 0 2 3andamEarbanT
0 50 100 0 50 100 10°10°10*10°10°10 0 50 100
<l
uy L
() / _—
CTE] 12

SwitchMode Voltage Formation and Subsequent Filterin

0
0 Higher Sw. Frequency Smaller Filter Componer(ts'mite(?by Sw. Losses, Signal Processing etc.)
LR . "¢ ‘
ETHzirich @ _
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IncreasingSwitchingrequency

Yy Reductiorof EMI Filter Volume for Increasing Sw. Frequency

——o

Att) @ f;

80dBuVvV T
Digital
At \ 471, Control
i FCC Part 15 B
60 dBuV ) | e
-20dB/Dec i
| .
40dBupV : ‘ /
S 2k
0dp — 2 3 -
-20dB
0dB/Dec
-40dB 5 5 ‘
40k 100k £, 2f; 1M 10M 40M

0.7L

o— -

0.7C =

——o

—0

At @2f,

29/93 ——

0 Sw.FrequLimit Due toSw. Losses (Heatsink Vol.), Inductor Losses, Signal ProceSsiiags etc.

ETH:zurich
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Sofi-Switching@peration

Yy Low Inductance /Triang Curr ModeA Zero Voltage Tur@ff AND Zerdoltage TurOn (ZVS)
Yy Increase of Conduction Losses Especially @ Low Load / Residual ZVS Lod3eswioeSi

VL WSS EX7 X
Ll g

< <

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

ETHziirich @ _
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Parallel Intetleaving (1)

y" Multiplies SwFrequ / Reduced Ripple @ Same (!) Switching Los&s$ncr. Control Dynamics

) 1
fS,eff = N -Q DImax,N =F max,N=1
=1 N=4
DUmax,N _F Iﬁ]max,N=1 400V T T T I T
1 2 N 300V Uy
200V
NL
UC

. . O O Y G 100 V
J%J* Js JQES ' 0
e e e e 11 400V /-\/ U UN
. 0 400V

Uy 1,  -400v LR
Uo 0 10 20 300V
t [ms]
1 200V

us
Uy
_|E JEFSJH J%} I 400V — M ; 100V n
-U}__ Of\/j\l; N S

o -400V 0

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

Controllmplementation Benefitdrom Improving Digital IC Technology
Redundancy, Allows Large Number of Units without Impairing Reliability
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I = Laboratory

Parallel Intetleaving (2)

32/93 ——

y" Multiplies SwFrequ / Reduced Ripple @ Same (!) Switching Los&s$ncr. Control Dynamics

fS,eff =N Q

1
DImax,N =V12 max,N=1
DUmax,N =F max,N=1
1 2
NL

UC

Jé} i

u

J.%J: I

2

I
U

iJE‘FSJ‘“

5

O

O« O¢

ETH:zu

400V
0

~"

? -400 v LTS

L 0 10 20
t [ms]

L

Ly

0
-400V

" t [i?s] »

N

Controllmplementation Benefitdrom Improving Digital IC Technology
Redundancy, Allows Large Number of Units without Impairing Reliability
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S1C I Power Electronic Systems
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Parallel Intetleaving (3)

y" Output Current Ripple Cancellation

Multiplication of

A U n 1 —
DI .. =—— - DI = Switching Frequency @ Same
meNE 4L max,N=4 = 4 o TmaxN 2 Switching Losses
< AEV#/Afmax,.’»’:l
U 100 A LO* e N
L 0.9 / AN
[mEEElE 0 o V4 \v-1
?/L,l 0.7 // \
(1 . -100A / \
5 10 15 20 06
U 'L t [ms] 0.5 / \
us 0.4 ,/ \\
Uy 1 03—/ —— \
o [ (o | “ 02 LS . N=2 1~ \
ok aEaE A V2N 0\
-U TSI N TN,
o 0 0.1 0.2\0.3 04 0.5 0.6 0.7‘0.8 0.9 1.0
m=0.25 m=0.75
0 Massive Reduction of Filter Capacitagdé C/64 , OR Inductance LY L/16
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Series/ inteldeaving (1)

Yy Example ofFlying Capacitor Converter b Breaks the Frequency Barrier
b Breaks the Silicon Limit 1+1=2 NGF42(!)
b Breaks Cost BarrieStandardization
b Extends LV Technology to HV

o 400V
v 0
8f.L
Ul =
/ -400V
_ 1 - 20 A
v max, N - Nz max,N=1
o = 0
-20A ' !
0 5 10 15 t[ms]
vl 400V —
2 200V
‘, O _ £ foe 1 ! !
U 32 fs N3 0 A A

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

0 x?%°Dependency oRg ,n0Nn Blocking VoltageA Adv. ofSeries Connection of LV MOSFETSs
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Seties intedeavingA2)

Yy Series Connecti@f LV MOSFETSs (or LV Cells) EffectBREAKBe SELIimit (1)

. Scaling of Specific
OnState Resistance

o 1
eff NI.S
N

(Rpson® A) (Rpson  A)

DS,on DS,on

Typ. Cell Rps onxA (Q mm?) @ 25°C

[
<o

100m

1I0mp-—

]
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T 7T 7 -
3 N|=112 5‘.10 /
/,/ :"-_;"" "/
_/ / l:—’-"" _//
S e e
IS 2aran /
— SiCompens. /7 ¢ a— 7
— Limit i /
1 —H
-Si Limit SiC }imit GaN Limit
] / ! — : —
/ y
10 100 600 1000 10000
Vbr (V)

0 Excellent Concept for Building Extreme Efficiency tlteanpact Converters
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Series/ inteldeavingiB8)

y" Dramatically Reduced Switching Losses (or Harmofocgqualp/1  anddv/ dt

1
o -
PS,N PS,NZI( 2N2 eee N3
N=1 N=4
o '_? 400V T T T 400V 0
= i T I | T
an_ ; /\HC\/ 0 _uc
2 . [T TPrrertrerfll] '
U =" N =140V 0 5 10 15 t[ms] oy 0 5 10 15 t[ms]
L mE L edvdt
= —V . {
v k5 dv/dt [~VeE = t
o =* A+ [~ L iy
= = H_-_T 47 DC ¢
|| Ep T - voo| (b v |
B . TVpc
vl . U £s ‘
T ] Ve
,':} > 1 t 7; ¢ A ]
ls
Y ‘,JH ps ES\\'

0 Transistors Could Operate @ VERY Low Sw. Frequency (e.g.20kiz)Sw. Losses / High Eff.
0 Alternative Operation with High Effective Sw. Frequeicyinimization 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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SiICPowersSemiecandietors

Yy Wide Band Gap / High,,
Yy High Critical Erield of SIQ Thlnner Drift Layer

A

E
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 (emss) [1x107  1x107 2x107  3x107 .
Ecrit,Si T . Si
A (WiemK) 1.5 0.5 3-5 13 | T TTTTmmm—e— e __ .
+ |-—] -
© 2000 Carl-Mikael Zetterling P WSIC : N ‘
. 4Vv? For 1kV:  Si SiC P Wsi :
on — vy W (um) 100 10 Schottky contact Ohmic contact
e e YV Np(em?) 101 1016 . ' '
1 — n
% 0o % : :
Ron,SiC 300 Ron, Si o—| n H—o

0 Massive Reduction of RelativeResistanc@) A High Blocking Voltage Unipolar Devices
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SiC& Digital ControlA> Technology:RPush

¥ WBG Semiconductor Technology Higher Efficiency, Lower Complexity

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

SFET4/5 wlo Substr

[]
.

L]

* IGBT3/4/RC
®  SiCJFET IFX

» GaN HEMT published

(Q mmz)

o
Y

on

R xA

0.01

A “+Advanced Packaging (1)

ETH:zurich
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A Fully Digital Control / Computing Power / Flexibility

transistors

MOORE'S LAW

Pentium# 4 Processor
Pentium® il Processor
Pentium® Il Processor
Pentium® Processor

100,000,000

10,000,000

4 1,000,000

- 1 100,000
- P n
~ o {10,000
A
N
) PO 1000
1970 1975 1980 1985 1990 1995 2000
M 'sL
A Moore's Law
———
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SICGMOSHE Ts ¥ IGBTS

Yy SHGBT A Blocking Voltages up ®.5kV / Rel. Low Switching Speed
Yy SIEMOSFETS Blocking Voltages up tt6kV(1stSamples)/Fact or 10pu 100 Hi ghel

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(Gomntutationvbkodpdndusctance

. N au, U,
Yy AllowedL Directly Related to Switching Tie A L ¢ T - at, T
_L L
L, z
U,
-
<< <<

O Parallel Interleaving Allows to Splilp Large Currents Increase of Z / Allows Faster Switching
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