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PES Resear8tope
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Industry Collaboration

Core Application Areas

IT Power Supply
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Automotive Systems

MoreElectric Aircraft

Semiconductor Process Technology
Medical Systems
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Examples of
o Research Results__

Ultra-Compact Systems
SuperEfficient Systems
MEGA Speed Drives
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3-A BoostType PFC Rectifier

Ps= 10 kW

U= 230\ &10%

f\= 50Hz or 360 800Hz
Us= 800V,

fo= 250kHz

Si  CoolMOS
SiC Diodes

' =06.2% @P,
THD= 1.6% @P,
9= 3kW/kg

% 10kW/dn? Power Density
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Mains Behavior @00 Hz/800 Hz
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Bidirectional SupeiEfficient
1-A PFC Mains Interface

% 99.3% @ 1.2kW/drd

Hardware Testing
to be finalized in
November 2011

3 EmploysNO SiC Power Semiconducters Si SJ MOSFETSs only

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich



“1C I Power Electronic Systems
I'— Laboratory

Bidirectional SupeiEfficient
1-A PFC Mains Interface
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3 EmploysNO SiC Power Semiconducters Si SJ MOSFETSs only
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MEGA Speed Drive Systems

A em-Scale PCB Dirilling

A Dental Technology

A Laser Measurement Technology
A TurbeCompressor Systems

World Record ! A Air-to-Power

A Artificial Muscles
100W @ 1%000%000 r pm AMegaGravity Science
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Abstraction of Power
Converter Design

n
Performance Space
» Efficiency I
* Power Density .
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f m -, Control Concept
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Technology Sensitivity Analysis
Based on -] -Pareto Front

3 Sensitivity to Technology Advancements
3 Tradeoff Analysis

n
A
_____ P
EIL\ ------
-/ i

/ >p

Design Space Performance Space
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Outline

Introduction to SST Concept
Applications of SSTs

Overview of SST Research since 2001
Details on the MEGA Cube
Conclusions / Outlook

(OGN GN@N@NON
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Introduction to

_ Solid State Transformer____
Concept
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50/60 Hz Solid State

Transformer Transformer
r50/60Hz Trafo _ ,Solld State Transformer N
!
MV AC LV AC MV AC High-Power DC-DC Converter. LV AC
. J \ y
%
3%
oo Solid State Transformer >
vy [
10' 10° 10’ 10* 10° -

Frequency [Hz]

N 50/60Hz vs. SSOperating Frequenci@s the kHz Range
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Size/Weight

Reduction
3 Higher Operating 10° f
Frequency Reduces E
Transformer N
Size/Weight =10
, 1 le"102 F
v, £ ime
g smatler
f 10"
100‘1 A 2 A 3 i 4 i 5
10 10 10 10 10

Frequency [Hz]

p Volume vs. Frequency of Transformers
— ' v Realized in Previous Research
Scaled to 1[MW]
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Reactive Power
Control

3 Power Factor Correction ~Solid State Transformer

- VAr Compensation P, P.
- Active Filtering

> =
- =

(~ )
e

PPY
e

, Q, Q, ,
MV grid LV grid
Puv= v
v

Qy=!

p SST providingeactive Power Compensation
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UPS Operation

3 Linked to Energy Storage

- Ability to Source/ Py P,
Sink Active Power in () » ’
Both Directions _ Energy

’(:) 'l Buffer l'
: QMV Qw
MV grid S
(3 - P - P +P PES
Al LV™ "LV' "ES | Enerqy [+ <
Q/IV: I Storage
Qv=!
- \
>
x o o
A g p SST Linked to Energy Storage System

—Solid State Transformer

LV grid
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Applications

of the Solid State Transformers
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Traction / Locomotives

. N o
u Reduced Weight/Size
u Increased Efficiency
u Reduced Line Filtering :
AC /T 110C /[
pc| [ 1 /bc
AC/ [T |DC T1pc |
pcL [ | /el Il [ |/ACH
AC [T |pc /[
pc| [ | /nc

p SST Replacing theput Transformer of a Locomotive
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Wind Power
u Reduced Weight/Size
u Increased Efficiency of 1
Power Transmission
AC 1|DC il
Dcl [ | /bcl [
AC 1 |DC i
DCL [ | /D __I
| ‘ 4
AC 1 |bC 1
DC| | DC 5

p SST in Of8hore Wind Farms
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Tidal Power

u Reduced Weight/Size
u Increased Efficiency of
Power Transmission ac .~ Hrbc

L U0

AC T (DC N
pcl [ pcl [
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=
=
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2
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p SST in Tidal Power Plants
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Smart Grid Scheme

G Small Distributed
@ . Generation Units

—| i » Rural Areas

G Distributed Storage
@ “ e.g. Flywheel

MV AC MV DC LV DC
DC
AC
!
LV DC line
————— — AC DC DC
. - T /e AC
MV AC : DC
Distribution Ring ' AC
|
[ ]
> AC DC LV DC-link DC
_____ e - DC DC AC

» Protected AC Loads

l
% X

©

Distributed Generation  DC Loads
e.g. Fuel Cell

ETH

» Normal AC Loads

Adapted from
L. Heinemann, 2001
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____ Overview of SST Research

over the last 10 years

Introduction to
The MEGA Cube
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Traction Applications

2001 ABB (ETH) 1

26/63

u 2007 Alstom
u 2007 Bombardier -
u 2009 KTH i
u 2010 Erlangen i
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Wind / Tidal Power
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v 2011 L.2.E.P.
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Smart Grids

4 2006 UNIFLEX 10 T ——
u 2007 FREEDM
v 2011 GE [ (S EREEDM [ ]
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The MEGA Cube @ ETH Zurich

v IMW 10
20 kHz
12kV M\A 1.2kV LV
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o
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Details on
_ The MEGA Cube

MediumVoltage Side
12kV- 20kHz
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High-Voltage IGBTs

u Not Designed for Medium L4r— ; -
Frequency Operation 1.2

u ZeraCurrentSwitching
Schemes Required

1.0
0.8
0.6
0.4 —
0.2 . E

Energy [J]

80 T T T T

60
50
40 $ ° s
30 . .

20 1 1 L ]
2.5 3.3 4.5 6.5

Voltage [kV]

Switching losses [kW]

t 4.5kV/150 A p 100 A TurrOff Energies
ABB IGBT Module p 100 A/20 kHz Switching Losses

ETH
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Dual Active Bridge DC/DC Converter

u Resonant ° ! °
- Capacitor and Inductor in Jﬁ]} ":'} H}
Series with Transformer %) —> - o
_ itchi | S = O ] vw(t) = 2
Low Switching Losses in = >
MV and LV Bridges
J _5} £ &3
u Triangular Current ° f} LJ} °
- Only Inductor in Series 'JK;}
with Transformer < v g
. . = = ‘L() Vv(t) V“,(t) = =
- High Switched Currents on = =
LV Side
J .5} l:’}

ETH
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Resonant vs. Triangular Current DAB

c

u

ETH

Eidgendssische Technische Hochschule Ziirich

Resonant
ZCS on LV and MV Sides

Low Controllability of
Transferred Power

Triangular Current
ZCS only on MV Side

Duty Cycle Power Flow
Control

Voltage [kV]

Voltage [kV]

15

20

33/63

400

200

-200

-400

400

200

1 -200

-400

25 30 35 40 45 50

Time [ps]

Current [A]

Current [A]
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Triangular Current DAB

3 Enables ZCS Only on MV Side

3 All Current TurOff Events
Shifted to LV Side

Shown for Power
Transfer from MV to LV Side

ETH

Voltage [kV]

2

MV DC

o]

-

ey

400

200

-200

-400
0

it

.
v

Vi ( t)l ()

44

1:n .
J
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Current [A]
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MV Switch Realization4.5 kV IGBT

3 Large Tail Current Despite ZCS

p 4.5kV Pres$ack IGBT Testbench

4 I T I . 1000
e 2F ! < 500
[=)]

8
S 1F | - 250
> \

0 - 0

1 1 1 1 1
0 5 10 15 20 25 30

Time [ps]

ZCS Testing @ 3kV-DiGk 150A Peak

35/63 —

Current [A]
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MV Switch Realization1.7 kV IGBT

3 Testbenches for NPT aadl.7kV IGBTs
3 Massive ZCS Loss Reduction

200
150
100
50

Voltage [V]

-50
25

Time [ps]

p 1.7kV PT IGBT NPC Module p ZCS Testing @ 1kV-D@k 150A Peak

ETH

Eidgendssische Technische Hochschule Ziirich

Current [A]
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Enhancement Saturable Inductor

u Provides Time for Charge
Carrier Recombination

ETH

Voltage [kV]

37/63

2 I T I T I | T I T 400
|
1 /\ —200 —
\ I =
| ¢ #
0 0o £
/ ] 5
S
-1 e -200
2 | | | | | | | | | 400
0 5 10 15 20 25 30 35 40 45 50
Time [ps]
1
s sat 1‘ n

L (®) VMv(t)l Vi (t) I”I
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Enhancement Saturable Inductor

w 10

ETH

Eidgendssische Technische Hochschule Ziirich

Loss Reduction for Both
Directions of Power Flow

Power MV — LV

30% .

n

Power LV — MV

72%

No sat. ind. 160 [uH]
sat. ind.

Voltage [kV]
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Modular MV Side _ [NPeHodule 1
1.7 kV IGBT |
« Modular Construction due to MF + MV T K
v 1.7 kV IGBT Used in NPC Structure
-
2 NN
o
= L
N v o
g . A
]
=

| NPC Module 2 I ILE

o— | NPCModule 6 I N

p 1.7kV PT IGBT NPC Module p Stacked MV side NPC Modules

ETH
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Details on
_ The MEGA Cube

LowVoltage Side
1.2kV- 20kHz

ETH
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DAB with Triangular Current

400

u High Currents Switched /
Conducted on LV side

) ~ 200 —
u ZCS on MV Side = =
_gl -200a
-400
0
2
e
Shown for Power
Transfer from MV to LV Side o

ETH
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Hybrid LV Switch

u Low Conduction Loss@s _LJ}
IGBT [l g
s Low Switching Losse$ T 3
MOSFET e | e
J:}
: torr,IGsr ! L
tDN,MOSFET ! ’
600 | : — T 600
5 ’ 500
= 400
v 300
Circuit Schematic and £ 200
Waveforms of LV Side > 100
Hybrid MOSFET/ 0
IGBT FuiBridge ) | | | | | )
100 5 5 10 15 20 25 307100

ETH

Current [A]

Eidgendssische Technische Hochschule Ziirich
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ModuleBased 600
Hybrid Switch 200
= 400

o 300

« IGBT Module: Infineon £ 200
600V/600A Econopack S 100

u MOSFET: Infineon 0
600V/ 70A °COO||_100

p Hybrid Switch Based on p
IGBT Bridge Leg Module

T
+ Lore t6er

tON, MOSFET

—

5 10 15 20 25
Time [ps]
IGBT bridge | ofdiothothodio
MOSFETs T WY T O T
Snubber @ %0
Diode § W
z
©) ©
L0 AA0 Lok A LA
g O O @] O

152 mm—m

AC side

120 mm——mMM
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600
500
400
300
200
100

-100

Hybrid Switch Layout and Wavefornts,, ,,0s-=-8us /
torrceT 17US

Current [A]
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Interleaved 600 ——T— 120
Hybrid Switch 00 > | o
y E 400 k to.v,Maerr > | 80
_ v 300 f -1 60
u IGBT : Infineon 600V/75A = 200k 4 40
Trench Fieldstop S 100k 4 0
v MOSFET: Infineon (1] — 0
600V/ 70A ©°Cool MO&® | | | | |
OL&O 5 10 15 20 25 3620
Time [ps]
@ . - o ° o
]
g B
2| A8 IALEAE L] g3
(@) Fﬂ O |J; O 0o © [ ) ) )
70 mm
IGBT bridge MOSFETs
p Testbench for Interleaved p Hybrid Switch Layout and Wavefornts,, ,osz-8us /
Hybrid Switch torriceT 1TUS

ETH

Current [A]
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Modulebased vs. Interleaved Hybrid Switch
u Total Losses for a 166 kW FBliidge _ _ _
2.1kW 2.8kW 3.5kw 1.5kwW 1.75kW 2kw
\d A4 A \d v A
A 18 18
16 16
14 * 14
12 12
10 10
8 8
: ; A
4 4
2 2
0 0
fwwoser o 3 4 6§ 8 10 1213141516171819 0 2 4 6 8 10 121314151617 1819
tOFF,IGET > tﬁFF,IGBT >
p ModuleBased FulBridge Total Losses p Interleaved FulBridge Total Losses
(Conduction and Switching) (Conduction and Switching)

ETH
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Modular LVSide

FulkBridge I
~— Hybrid Fullbridge 1 W
[ ———————
u 6 Modules 6 x 166 kW _J['} J;:'}
v Hybrid Switch for Low 0 -
Conduction/Switching Losses _ﬁ _ T S
Jﬁ} J% X lel} % X v
\ ' J
LS y,
||||ﬁ Hybrid Fullbridge 3 )
u ]| T )

||||i[ Hybrid Fullbridge 5 I '
1]
L

p Testbench for Interleaved p  Structure of the Modular LV Side
Hybrid Switch Comprising Hybrid Switch

ETH

Eidgendssische Technische Hochschule Ziirich
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MEGACube
The Big Picture

u 6 Modules

v LV Side

Parallel/Series
Connection of 400V
Full Bridges

v MV Side

Series Connection
of NPC Bridges

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Module 1

Module 2

Module 3

Module 4

Module 5

Module 6

LV side fullbridge 1

1200V

| Jj} B

400V
B
l

MVNPC1

47/63

$is} i)

LV side fullbridge 2

JHJ} JLJ}

i

MVNPC2 —

-'J} LERETET

- LV side fullbridge 3

ok

S

I

MVNPC3 ——

Jﬁ T Jal} o

LV side fullbridge 4

Jﬁ’} ,thf

T

]

12kV

MV NPC 4

ETIECET

- LV side fullbridge 5

J%} JH}

K

MVNPC5 ———

JJJ Bhosdad

- LV side fullbridge 6

T B

{Traro. 6 }
|

T

MVNPC6

G4} 1343
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Details on

The MEGA Cube

Transformer
20kHz

ETH
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How Many MF Transformers?

u Six Transformers (One per Modul@ Rone Transformer with 6 LV/MV Windings?

~ 6x NPC Module———

1.7 kV IGBT ] — 6x Hybrid Fullbridge \

Tt - LY |

o 1x MF trafo? -
° 6x MF trafo? °

. Gh Gl

Y \.

2kV

400V

p MF Transformer Link of MV NPC Module and LV Hybrid SwitctBFdte

ETH
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Option 1. Shelllype

u EShape Based on
Magnetic Core

- Vitroperm 500F / Heatsinks
- HV Litz Cable /

- LV Foil p ShellType Transformer with

- Air-Cooled HV Cable Winding Designed for 1IMW/20kHz
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Option 2: MatrixType

u Several Cores / Each
Realizing a Transformer

u Realization of the Turns
Ratio Through Parallel/
Series Connection

- Vitroperm 500F / Heatsinks

- HV Litz Cable /
- LV Fall p Matrix-Type Transformer with

- Air-Cooled HV Cable Winding Designed for 1IMW/20kHz
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MF Transformer Split up to 6 Modules

u Linking MV NPC Module and LV Hy$viatch FullBridge Modules
u Isolation + Voltage Adaptation

~ 6x NPC Module————

1.7 kV IGBT J ~— 6x Hybrid Fullbridge \

L ! )
o -MF trafo — JE‘} -J':'}

) I||I ]

L. J

2kV

400V

p Block Diagram of HigRower DOC Converter Utilizing Modular LV and MV Converters
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Transformer Optimization

v Parameter 1: Core Material
u Parameter 2: LV Winding

Number of 100 , I , I ,
Turns
. 99.91- —
u Selected Design: \
o — 2 LV turns, Ferrite
- 2 Turns LV Winding 99.8 . -
- Stacked Ferrite Cores TR 3 LV turns, Ferrite
5 99.7 -
2 3 LV turns, Nanocrystylline
G n &
£ 99.6 P
99.51- AR\ \ _
. . 9.4 2 LV turns, Nanocrystylline |
Power Density vs. Efficiency Pareto
Front of the 166kW Transformer 99.3 ' ' ' ' '

20 40 60 80 100 120 140
Power Density [kW/L]

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



=IC I~ Power Electronic Systems 54/63

I'— Laboratory

Assembled Transformer

166kW / 20kHz

Ferrite N87

9500 Strands Litz Wire
PTFE Isolation Bobbin
Forced Air Cooled

Cc Cc ©c < C

Efficiency: 99.75%
v Power Density: 31kW/dn

c

166kW / 20kHz Transformer
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Preventing Core Saturation

u Flux Density TransduceMagnetic Ee@

Shared Magnetic Path between External Core
Main and Auxiliary core

Shared Magentic Main Core
path  Sb >

L
Primary Bridge . Secondary Bridge
PEre, 3
%:140— L — e 3 :R/I IoF
% 120 x/ | Vo, | =T | B® Vp(t)l =" = V(t) W] == Vocs
5 \ p— -
E 100 = s
2 o - J JK’} o o
60 | I | | | | o
0 1 2 2.5 3 3.5 4
Magnet1c Field [kA/m]
p Measured External Core Inductance p Magnetic Ear Concept
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Magnetic Ear@

u Closed_oop Control of the
Flux Density in the Main Core

u Eliminate Problems of
DC Magnetization

DC Flux Density [mT]

50

-50

-100

-150

Main Core

2.5

7.5

10 125 15
Time [ms]

17.5 20 22.5 25
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— Conclusions / OQutlook —
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Conclusions

u SST Technology Attractive for Traction / Renewable Energy / Smart Grids
u High-Power MF DOC Converters are a Key Component for SSTs

u 1MW /20kHz MV to LV MEGA Cube under Construction @ ETH Zurich
u With Available Semiconductors A ZCS required on MV side
u Medium Voltage + Medium FrequergyModular Arrangement

u Major Opportunities fotWBG Power Semiconductors
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