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Transformer Basics

History
Scaling Laws
——  [Efficiency / Power Density Trade-off ——
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» Classical Transformer (XFMR) - History (1)

* 1830 - Henry/Faraday —> Property of Induction
* 1878 - Ganz Company (Hungary) —> Toroidal Transformer (AC Incandescent Syst.)
* 1880 - Ferranti —> Early Transformer
* 1882 - Gaulard & Gibbs —> Linear Shape XFMR (1884, 2kV, 40km)
* 1884 - Blathy/Zipernowski/Deri —> Toroidal XFMR (Inverse Type)
Europe
USA
W. STANLEY, Jr.
Patented Sept. 21, 1886. No, 349,611, INDUCTION COIL.
* 1885 - Stanley & (Westinghouse) —> Easy Manufact. XFMR (15t Full AC Distr. Syst.)
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(No Modsl.) S
M. YON DOLIVG-DOBROWOLSKY,

ELECTRICAL INDUGTION AFPARATUS OR TRANSFORMER.
No. 422,748, : Patented Mar. 4, 1890.

» Classical Transformer - History (2)

%
=
P

UNITED STATES PATENT OFFICE.

MICHAEL VON DOLIVO-DOBROWOLSKY, OF BERLIN, GERMANY, ASSIGNOR TO
THE ALLGEMEINE ELEKTRICITATS-GESELLSCIAFT, OF SAME PLACE.

ELECTRICAL INDUCTICN APPARATUS OR TRANSFORMER.

SPECIFICATION forming part of Letters Patent No. 422,746, dated March'4, 1890.
. Application filed January 8, 1890, Serial No, 336,290, (No model) . Jfrmasres T et far

— L it e e - wparledy
iﬁz‘ﬁ%p rﬁdu&x 'd‘/ﬁ"““"-:éf‘;ﬁ:‘_q L -
* 1890 - Dobrovolski —> 3-Phase Transformer

* 1891 - 1st Complete AC System (Gen.+XFMR+Transm.+EL. Motor+Lamps, 40Hz, 25kV, 175km)
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» Classical Transformer - Basics (1)

- Magnetic Core Material  * Silicon Steel / Nanocrystalline / Amorphous / Ferrite

- Winding Material * Copper or Aluminium
- Insulation/Cooling * Mineral Oil or Dry-Type
- Operating Frequency * 50/60Hz (EL. Grid, Traction) or 162/, Hz (Traction)
- Operating Voltage * 10kV or 20 kV (6...35kV)
* 15kV or 25kV (Traction)
* 400V

- Voltage Transf. Ratio * Fixed

- Current Transf. Ratio * Fixed |

- Active Power Transf. * Fixed (P,=P,) fi

- React. Power Transf. * Fixed (Q,=Q,)

- Frequency Ratio * Fixed (f,=f,)

e Magnetic Core Cone = %LL o
Cross Section B .. [N I

N 21 fi
e Winding Window A = LN o

Wd iy - k J 1
“."

rms
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» Classical Transformer - Basics (2)

Source: www.faceofmalawi.com

m Advantages

* Highly Robust / Reliable
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» Classical Transformer - Basics (3)

Advantages

Relatively Inexpensive

Highly Robust / Reliable

Highly Efficient (98.5%...99.5% Dep. on Power Rating)
Short Circuit Current Limitation

Weaknesses

Voltage Drop Under Load

Losses at No Load

Not Directly Controllable

Dependency of Weight / Volume on Frequency
Sensitivity to DC Offset Load Imbalances
Sensitivity to Harmonics

Construction Volume 3 R

A =
C A
P, .... Rated Power et Wk x k,J B [
ky --.. Window Utilization Factor

B ax-- Flux Density Amplitude NN
era;f.. Winding Current Density 0

f .. Frequency

Low Frequency = Large Weight / Volume

5/46

Vacuum Cast Coil Dry-Type
Distribution Transformer

1 MVA - 12kV/400V @ 2600kg
0.2%/1% Losses @ No/Rated Load
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SST Motivation

Next Generation

Traction Vehicles
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» Classical Locomotives

- Catenary Voltage 15kV or 25kV
- Frequency 162/;Hz or 50Hz
- Power Level 1...10MW typ.

I I

______________________________________________________________

DC AC H

@) 1 kV 3ph

Source: www.abb.com

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
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» Next Generation Locomotives

- Trends  * Distributed Propulsion System = Volume Reduction (Decreases Efficiency)
* Energy Efficient Rail Vehicles - Loss Reduction Requires Higher Volume)
* Red. of Mech. Stress on Track —> Mass Reduction

AC Catenary (19kV, 167Hz or 25kV, 50Hz) AC Catenary (15kV, 167Hz or 25kV, 50Hz)

LFT

_ MFT
kA=

Do T
— Sk

Conventional AC-DC conversion with a line AC-DC conversion with medium frequency
Jrequency transformer (LET). transformer (MFT).

e Replace LF Transformer by Medium Frequency Power Electronics Transformer - SST
e Medium Frequency Provides Degree of Freedom - Allows Loss Reduction AND Volume Reduction
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» Next Generation Locomotives

- Loss Distribution of Conventional & Next Generation Locomotives

‘B! AC DC
ui- (1
I @
I DC AC Py
: ~

ne —— AC/DC
M LF
34 Transformer —— ME
AC ¢ ——— Transformer

AC AC
o Il O
AC DC
;- - AC/AC

SST a) b

no

pEall

e Medium Frequ. Provides Degree of Freedom - Allows Loss Reduction AND Volume Reduction
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Future Smart
EE Distribution
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» Advanced (High Power Quality) Grid Concept

- Heinemann / ABB (2001)

Generation Units
Set of Diswibuted Resources
/ = J
“ .
3 H

A\

/ -I : Small Distributed
3| Generation Units
i I e
b !
b D€ Loads
+ HV/MV Tressformer I LV DC-Link * (aption)
HV-Feeder | F = e
=D —+ = - £
: | MV AC Distriutlon .
Ri L =
! : s =T _._é phicecd
! ] —_ e = L= ..
I i :
| MV Switchboard ! Y I h
ffffffffffffff ! | | 7
Primery Substation | ! Disiributed Storage = Nermal AC

1 ! e.g. Flywheel ) Loads Office Buildings, Banks, Malls,

N . % —E“I‘* A Hospitals, Incusry....

i

MV/LY : 0 L
former
renstormen I Secandary Substation with MV/LV Power
Elecmronics Transformer

1

| Comvemwnal Secon-
1 dxry Substation

1

e MV AC Distribution with DC Subsystems (LV and MV) and Large Number of Distributed Resources
e MF AC/AC Conv. with DC Link Coupled to Energy Storage provide High Power Qual. for Spec. Customers

ETH:zurich rECHUSOHE  ——

GESELLSCHAFT
ZURICH




Power Electronic Systems 10/46 —
|-I E 5 Laboratory Y /

» Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.

- Huang et al. (2008)

. . . FREERM
e SST as Enabling Technology for the “Energy Internet Gystemsienie!
- Full Control of the Power Flow IFM = Intellig. Fault
- Integr. of DER (Distr. Energy Res.) Management
- Integr. of DES (Distr. E-Storage) + Intellig. Loads
- Protects Power Syst. From Load Disturbances 12 kV AC Bus
- Protects Load from Power Syst. Disturbances IFM t IFM
- Enables Distrib. Intellig. through COMM \
- Ensure Stability & Opt. Operation R
- etc. COMM 1
- etc.
SST
p J00VDCBus T [120VACBUs
Lid e
282 3§  § ¢
5 E _| ] ]
& O O &)
a < <

e Bidirectional Flow of Power & Information / High Bandw. Comm. - Distrib. / Local Autonomous Cntrl
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» Passive Transformer =2 SST

- Efficiency Challenge

1 AC

AC

AC | |

L -

Uy & uy*

hr=1

Uy = Uy *

fzz fz*

Uy A7 U™

fzz fz*

d)

LF Isolation
Purely Passive éa
Series Voltage Comp. (b
Series AC Chopper (c

MF Isolation
Active Input & Output Stage (d)

YP, a)

LF Transformer ——

11/46

e Medium Freq. > Higher Transf. Efficiency Partly Compensates Converter Stage Losses
e Medium Freq. 2> Low Volume, High Control Dynamics

ETH:zurich

ZURICH

—— AC/AC
AC/AC—
AC/AC— —— Transformer
—— AC/AC
a) b) c) d)
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SST Concept
__ Implementation >
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Challenge #1/5

—— Availability / Selection of ——
Power Semiconductors
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» SiC Power Semiconductors

e Soft-Switching (ZVS) Performance
* Samples S MosFer @ 15A
* 10kV & 15kV / 10A MOSFETs (250ud)
* 10kV & 15kV / 8A JBS Diodes
* 15kV / 20A IGBTs

| |
[KV] Si | SsiC | sic
0  unipolar | bipolar
20 {-——---—-—--- ni. —————————— ISr e
|
}' — 10}
i =
Mature _ Source:
technology P. Steimer/ABB 0
> (a) '
1 - 20 [kHz] -100 0 100 200 300 400

Time [ns]

m Interfacing to Medium Voltage > Two-Level OR Multi-Level Converter Topologies
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» SiC Power Semiconductors

s

e Samples  Wolfspeed
* 10kV & 15kV / 10A MOSFETs e Derating Requirement due to Cosmic Radiation
* 10kV & 15kV / 8A JBS Diodes for 100 FIT @ 25°C & 0 m AMSL
* 15kV / 20A IGBTs A,~7.2cm?

I 1 Source: P. r?ar[])d\t/;'k '@
[kV] Si . SiC | siC “ Datta Ny

A  unipolar | bipolar K Loy
20 {——---—-——---- + ____________ 76 2x1|2kA

i .......... \

|

i S \

| a

l 5,65

22 2.2kv
% 60 ‘*Q;’& 2.5k
o' 2x650A
> — |
Mature _ Source: 55 E
technology P. Steimer/ABB . . gx:iks\;['m
’ 1000 1500 2000 2500 3000 3500
1 ) 20 [kHZ] BV rating (V)

m Interfacing to Medium Voltage > Two-Level OR Multi-Level Converter Topologies
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» Commercially Available SiC Power Semiconductors

m High Current 3.3kV / 1.7kV / 1.2 kV Power Modules
m Mitsubishi (CREE, ROHM, GE, etc.)

. MITSUBISHI
Capacity - ELE;, ;
[kW] anges for the Detlter
T,=175°C
5000] 3 Reon=43Q — 3
< 25 Ls=70 nH 25 S‘
2000] High speed é x
rail v 2 —> 2 o
10004 o %
3.3KkV/1500 A =15 ] 152
500] Full-SiC power module ) \ S
; c 1 1 e
200 1.7 kV/1200 A © E, +=0.53 J ©
109‘ @ Hybrid-SiC power module A 0.5 0573

750 1500 3000 0 1 2 3 4

Rated voltage for power device [V] Time [psec]

ETH:zurich
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Challenge #2/5

—— Creation of MV > LV ———
SST Topologies
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» Interfacing to Medium Voltage Marquardt —“~ 5] Alesina/
N Venturini
e (1981)
m Partitioning of Blocking Voltage
m Series Connection or Multi-Cell and Multi-Level Approaches I
m High Number N Cells - Quadratically Reduces Curr. Harmonics lu, Lt
"
.J
Ly, ot
41 —
o
Akagi McMurray
(1981) (1969)
slu,alu, g

2 4

i)
_‘;‘
M
L I

ik

%ul

N
L

1
U
41

. . * Multi-Level/
“ Th == Multi-Cell
ot * Two-Level Topology — Topologies

||[|+
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P Scaling of Series Interleaving of Converter Cells

m Interleaved Series Connection Dramatically Reduces Switching Losses (or Harmonics)

phase _+H-bridge output stage . - dv/dt

. - |||||||||||_||| N=1 %VD(‘ {

At ﬁ%& il LA
[

iy "} l[f t dvldt
Cpe==| "' ne

AP

- t
|_ \ converter cell :
i_ - Scaling of Switchin}; p p 1 1
Losses for Equal Ai/I ~ .
[ and dv/dt SN SN=1 ( 2NF N )

A

m Converter Cells Could Operate at VERY Low Switching Frequency
m Minimization of Passives (Filter Components)

ETH:zurich rECHUSOHE  ——
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» Half-Cycle DCM Series Resonant Converter (HC-DCM-SRC)

Operating Frequency

m f.= Resonant Frequency = “Unity Gain” N
m Fixed Voltage Transfer Ratio Independent of Transferred Power (!) B Q=7
m  Power Flow / Power Direction Self-Adjusting —
m  No Controllability / No Need for Control s 08 AN
m  ZCS of All Devices = / / l.’ 5, \ )=1
L 06 il AN
=2 06 [T NN
/i
704 AN
2 HARR
:: 0.2 / ff \\\ Qf'ﬁ
g /
- /’//’j Q \1\6‘ }
0 0.0 I{J.-."; ].(JI I 1'} I I‘Z.[]

Relative Frequency win

Unv

|
I+
1
| S
[~
<

[|*
I
|

N ERN, Ry

lres: HV & LV side [A]
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Combining the
Basic Concepts I

——— Single-Phase AC-DC Conversion/ ——
Traction Applications
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» Cascaded H-Bridges w. Isolated Back End

Input Series

Output Parallel Connection - Self Symmetrizing (!)

Highly Modular / Scalable
Allows for Redundancy
High Power Demonstrators: A BOMBARDIER ALSTOM etc.

the evelution of mobility

v

Catenary
1250
MV LF AC MF AC
|
ra T o -1250

JK.} JR‘} | [v]
Cell 2 )
Cell I8 A .
! I
Cell N =

1000 F---f -

18/46

Multi-Cell Concept (AC/DC Front End & Soft-Switching Resonant DC//DC Converter)

Time [ms]
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» Reversal of the Sequence of Current Shaping & Isolation

m Isolated DC/DC Back End m Isolated AC/ | AC| Front End

ACT] FicSiVR[=E]T |

L MV LV L MV <_—|I LV
—o—tm:'“j—o—i AC * — + o m
Cm% —o—Eg_I 5 AC

AC | F i1 [ ]csiw[=FEnDC

=

DC Re [,‘A Acl,
] | e T ma
ivout : l out

. 1

;l_%;\c: Dtclo
P i out

I
l- o —
L

va,dc

{ ] LAl
AN TGE i alFE
DU 7T A : S /A

Swiss SST (S3T)

Two-Stage Multi-Cell Concept

Indirect Input Current Control

Direct Output Voltage Control

Low Complexity on MV Side @

DC

DC
DC

DC
DC

DC

Typical Multi-Cell SST Topology

Two-Stage Multi-Cell Concept
Direct Input Current Control
Indirect Output Voltage Control
High Complexity at MV Side

Energy Turnaround
National Research Programme

ETH:zurich
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Combining the
Basic Concepts II

Three-Phase AC-AC Conversion / ———
Smart Grid Applications

to Base
Power

Smart Switches/
AEIe(:tr]clt:}-r Routers
@ Customer Nodes

DER Generaticn
(Fuel Cells, etc.)

to Base
Power

Power

ELECTRIC POWER
—_— RESEARCH IMSTITUTE
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» MEGALink @ ETH Zurich

Sy = 630kVA 10kV RST
Z:\-/X, : ?gg\y i i ﬁ/LF /converter cell
<] Ba el e i e B d T mm R S e e e <y

7 A RN 2

e T e e e ey
e e e s A ey
TR TR TR e
REESEd L EN REESEd LEan REaEREa LE
e v converter_ L ACFER B 400V

e 2-Level Inverter on LV Side
e HC-DCM-SRC DC//DC Conversion
e (Cascaded H-Bridge MV Structure - ISOP Topology

ETH:zurich rroHnsCHE ——
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» 166kW / 20kHz HC-DCM-SRC DC-DC Converter Cell

e Half-Cycle DCM Series Resonant DC-DC Converter

e Medium-Voltage Side 2kv
e Low-Voltage Side 400V

Dll(‘.)\l\

<l : ’ !
| it =
“' 1 [
D, 3 n:l ! :
Ly Iﬂ u
-

80kW Operation
T — T T 1000

I o
AN ios(0) 1 500

|
_ |
| [ UpcLvs(t) '
W \M 0
|

Voltage [V]
o
Current [A]

2250 - Uacavs(t) |

—

| - -500
L—T"—T"J

500 —A—»_—L 1 1 | | -1000
0 10 20 30 40 50 60 70 80 90 100 110
Time [ps]

ETH:zurich
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» Single-Cell Structure
e 13.8kV > 480V

e Scaled Prototype FREEDM
e 15kV SiC-IGBTs, 1200V SiC MOSFETs R T

22kV 800V

gg 5 % GEOREESt

F

A R Y A A

.
FES 135D =l | s

20kHz

m Redundancy Only for Series-Connection of Power Semiconductors (!)
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Challenge #3/5

Medium-Frequency
Transformer Design

e Heat Management
o Isolation
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» MF Transformer Design - Cold Plates/ Water Cooling

m  Nano-Crystalline 160kW/20kHz Transformer (ETH, Ortiz 2013)

A 102,94

e Combination of Heat Conducting Plates and Top/Bottom Water-Cooled Cold Plates
e FEM Simulation Comprising Anisotropic Effects of Litz Wire and Tape-Wound Core

ETH:-urich ECHNSOHE  ———
GESELLSCHAFT
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» Water-Cooled 20kHz Transformer

Power Rating 166 kW
Efficiency 99.5%
e Power Density 32 kW/dm3

- Nanocrystalline Cores
with 0.1mm Airgaps
between Parallel Cores for
Equal Flux Partitioning

- Litz Wire (10 Bundles)
with CM Chokes for Equal
Current Partitioning

Core losses

Copper losses

———Cooling system

ETH:zurich

Current [A] Current [A] Current [A]

Current [A]
S b o w o s b o w e d L e e s e e

_/x\ /
/ \/

0 25 50 75 100 125 150 175 200
Time [ps]

1 o 1
223@@—“
lo é\/ 0 3
4 o @ o 4
50 o 5
60—@4@/—06
7 7

8 % 8
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Challenge #4/5

Mains < SST - Load
——  Protection / Grid Codes @——
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» Potential Faults of MV/LV Distribution-Type SSTs

m Extreme Overvoltage Stresses on the MV Side for Conv. Distr. Grids
m SST more Appropriate for Local Industrial MV Grids

25/46

@ Internal Fault

(@ Lightning Surge
@ Switching Transient
(@ MV Short Circuit
(5) LV Short Circuit
(©) Non-Ideal Load

e (Conv. MV Grid Time-Voltage Characteristic Q

Very fast front  Fast front Slow front

10 kV 9@

®

50kV
Arcing transient  Lightning surge  Switching transicnt =D—@
f,=3-100 ns £=01-20ps  £,=20-1000 ps

D5
f=1-3ms (=100-300ps  f=1-20 ms 3 i@
/ / / £l 10kV =
~100 ////, gl T BNY
EIECE: - b
% """"""" i Temporary Permanent é 5 ®
£l Earth fault Load condition E’
s 29 X \ =| B X x
400 V Z1400V 400V
1.2 a
1.0
' vYYYY &Jnrlvlri@&&"&lr
10 ps 100 ps 1 ms 10ms 100 ms Is @. & =

ETH:zurich
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L

» Protection of LF-XFRM vs. SST Protection

m Missing Analysis of SST Faults (Line-to-Line, Line-to-Gnd, S.C., etc.) and Protection Schemes

MV Protection SST LV Protection
Ll E/p.ﬁ.mn_ ey U Ll
B S o pp— L3
. Disconn. Breaker Pre-Charge AC PEN
e Proposed SST Protection Fuse  Res. :

Scheme with Minimum # of
Protection Devices

¢4 LS

-

Surge Arrester MYV Earthing LV Earthing
MV Bridge
MV Filter B
e Overvoltage Protection (Lightning Strike) Y
L

* High Arrester Clamping Voltage Vucl== ¢
* Filter Inductor > 8% for Current Limiting
* Min. DC Link Capacitance
* Sufficient Blocking Capability Surge -
* Grounding - Lower Stress if Unearthed Arrester Voo =114 KV

N—
Breaker Disconn.
Fuse
N—

Surge Arrester

m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed /Safety /Reliability

ETH:zurich
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» Distribution Transformer Overcurrent Requirements

16 380 kV

% 220 kV

110 kV

60 kV...100 kV /4‘
auto-transformers
8 30kV..72 kV

5 5kV..30 kV ..n-’l

—

12

e Low-Frequ. XFRM must Provide
Short-Circuit Currents of up to
40 Times Nominal Current for
1.5 Seconds (EWZ, 2009)

impedance voltage at rated current

e Traction Transformers: 150%
Nominal Power for 30 Seconds
(Engel 2003)

0 1 2 3
10 10 10 10 MVA 10
rated apparent power S —

m Lower Grid Voltage Levels —> Higher Relative Short Circuit Currents
m SST is NOT (!) a 1:1 Replacement for a Conventional Low-Frequency XFRM
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Challenge #5/5

——  Ensuring Reliability of Highly Complex ——
Multi-Cell Converter Topologies
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» Reliability Model (1) - Failure Rate

m Failure Rate A(t) is a Function of Time -, Bathtub Curve”
m Useful Life Dominated by Random Failures = A(t) = const.
m [)] =1 FIT (1 Failure in 10° h)
m Typ. Value for IGBTs: 100 FIT
Source: H.-G. Eckel
Univ. Rostock
Early Random Failures A ; — =
- Ailirec AT | 1700V R
E b {-ll“‘.' . A = CDﬂSt f l f . FIT || IGBT "ar/ - »
- ' "Useful Life" i H A
-% A i 1000 l 25 °C v.' f/ "' /
o t : = o
v / (t) 1000 m awsL =5/ | oot st
3 : :.F ’l" ;l
B\ i ifif
: ;" 1 l;
25°C L | 125°C
e : 0m AMSL ,“ Om AmsL
T ; — — 10-—=/"~~—1 T 1
Time 1000 1050 1100 1150 s

\Y

m Sources for Empirical Component Failure Rate Data : MIL-HDBK-217F, IEC Standard 62380, etc.
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» Reliability Model (2) - Reliability Function

m  Reliability Function: Probability of — [, A(x) dx At
System being Operational after t: R(H= e =¢€
\ A(t) = const.
3
B
==
=z
> R(t) = e™
E
8
&
m  MeanTime <
Between Failures / Time
o © 1
MTBF = [ R(H)dt= [ e dt=— 1.0
0 0 A
0.8}
= 0.6
= N=1
m Series Structure 1 E HE ... 4E L 0.47 T~
N=2
n 0.21 A —
A=2 A, Independent Cells = T
S T with Equal Failure Rate 0
=1 time
ETHzurich rEcHuSCHE ——
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1.0
m  k-out-of-n Redundancy
Redundancy of Cells in Phase Stack 08l
5 _ 05|
. . E &
System is Operational as 2 0.4}
Long as at Least k-out-of-n .
Subsystems are Working E 0.2}
n
k-out-of-n 0 :
time
m Effect of g Redundant Cells on 1.0
R(t) and/or MTBF (Area below Ry(t) ) g=2 -
N B 0.8 -
r—i—o CL%‘ 0 6
I
£ 0.4
— —e o
N Elements . : 0.2 \
o 0 |

o
(%]
o
I~
o
(=201
[an]
oo
o
=
o
o

e Redundancy Significantly Improves System Level Reliability (!)
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SST Demonstrator Systems

Future Locomotives
Smart Grid Applications

ETH:zurich TECHNISCHE =~ ——

GESELLSCHAFT
ZURICH



S1C I Power Electronic Systems
- Laboratory

» 1ph. AC/DC Power Electronic Transformer - PET

- Dujic et al. (2011) - °
- Heinemann 2002
- Steiner/Stemmler (1997
- Schibli/Rufer 1996

. . Sho
Line side ciaw
| IGET

aerh

Earth dischn.

Catenery
15kV 16 2/3 Hz

MCB

| l—_/._
Earth discgw

J0IauULED BU)|

P = 1.2MVA, 1.8MVA pk
9 Cells (Modular)

54 x (6.5kV, 400A IGBTs
18 x (6.5kV, 200A IGBTs
18 x (3.3kV, 800A IGBTs

9 x MF Transf. (150kVA, 1.8kHz)
1 x Input Choke

ETH:zurich

rt

it

5

HV PEBB's

AFE

[Active Froat

PETT
Power Electronics Traction Transformer
LV PEBB's
.L.LRC Rescnant MRC
{Line sida ar (Moter sida of
gj?fe'::: Tank Resanant Coaverter)
)

End)

Resonant Converter

Motor side

1500V DC+

31/46 —

4, G Traction's
mator H
de_poz M
= Udc re LB +_||| Controlled
g / Udc_neg M ByMICAS |
= Udc o B )
N T
= | 15KVA. 3x400V @ 50HZ |
; 5kWA 36V dc i
- Udcrplé e
g Uoc_np_LE
o Udc_rp 4
e Utk rp L
> Usc np L2
2 U 1
A\ IDED
W
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» 1.2 MVA 1ph. AC/DC Power Electronic Transformer

m Cascaded H-Bridges - 9 Cells
m Resonant LLC DC/DC Converter Stages

ETH:zurich

v

1250 ]

1250 poeeeeennins

vl

3000 -

2000

1000 froe-f -

32/46

[A]

- 100

= -100

[A]

-+ 200

- =200

0 0.2 0.4 0.6 0.8 1.0

Time [ms]
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» 1.2 MVA 1ph. AC/DC Power Electronic Transformer

m Cascaded H-Bridges - 9 Cells
m Resonant LLC DC/DC Converter Stages

Efficiency
(%]

98

96

94
92
90 bevrn. / ..... s ... === == Qperatingwith9 levels |
w——— Operating with 8 levels
1 1 1 i
0 200 400 600 800 1000

Output Power [kW]

ETH:zurich
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» SiC-Enabled Solid-State Power Substation

- Das et al. (2011)
- Lipo (2010)
- Weiss (1985 for Traction Appl.)

- Fully Phase Modular System T
- Indirect Matrix Converter Modules (f; = f,)

- MV A-Connection (13.8kV,,, 4 Modules in Series)
- LV Y-Connection (265V, Modules in Parallel)

TF

|
@

_T_i_r e

T 11 M

=
- 7 E
k\ 1 , B
JONT . TV )
| |
A P 1 @*E
| =

i

e SiC Enabled 20kHz/1MVA “Solid State Power Substation”
e 97% Efficiency @ Full Load / 1/3™ Weight / 50% Volume Reduction (Comp. to 60Hz)
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» SiC-Enabled Solid-State Power Substation

- Das et al. (2011)

- Fully Phase Modular System

- Indirect Matrix Converter Modules (f, = f,)

- MV A-Connection (13.8kV,,, 4 Modules in Series)
- LV Y-Connection (265V, Modules in Parallel)

}/\ ~L I
L \

]

Q

l
P DR

e SiC Enabled 20kHz/1MVA “Solid State Power Substation”
e 97% Efficiency @ Full Load / 1/3™ Weight / 50% Volume Reduction (Comp. to 60Hz)

ETH:zurich
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P SST vs. LF Transformer + AC/AC or AC/DC Converter

- Specifications 1MVA
10kV Input
400V Output
1700V IGBTs (1kHz/8kHz/4kHz)

- LF Transformer 98.7 %
16.2 kUSD
2600kg (5700Lb)

LFT + AC/DC 10kV RST
Converter

/ converter cell

weight IR
, R[]
‘ /
ACIAC 34 31 /
SST MYV phase stack
4- 44 _
losses losses LV converter— L—

m Clear Efficiency/Volume/Weight Advantage of SST for DC Output (98.2%)
m  Weakness of AC/AC SST vs. Simple LF Transformer (98.7%) - 5 x Costs, 2.5 x Losses

ETH:zurich rECHUSOHE  ——

GESELLSCHAFT
ZURICH




S1C I Power Electronic Systems
I = Laboratory

Potential Future
SST Application Areas

Datacenters
Off-Shore Wind
—— 0Oil and Gas Industry ———
Power-to-Gas
All Electric Aircraft
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» AC vs. Facility-Level DC Systems for Datacenters

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

— Conventional US 480V,  Distribution '@

Source: Q\ s 2007

m  Future Concept: Unidirectional SST / Direct 6.6kV AC > 400V DC Conversion

ETH:zurich
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Laboratory

» DC Collection Grids for Offshore Wind Parks

Onshore substation "
Imi":_"“" [ AD0kV 6shote n\

| el 7 Qemnrli/

HVDEC export cable .
TOOMW , £ 320kVye I ‘ ~pp

m + 320kV HVDC Transmission to Shore

Vivog enst

800mm’ , 100km 4

1 Offshore substation
' e +
i Pn=10MW Prs ack e, k008 Tvoctomshore § 1 e — = 320kV -
- - I Devices: 160 /—o =
!!i ] BOBLF) TSHIH] % “ . T +320I§\-5'2T‘+A‘?0k\|’m % +!20k23.?3‘rr5‘0kvx % 13?0:3$32va \
+ TEE-'::J—. — A + L] + iwuu,mm..' Viwoet \
+ 2kV + N s Ir ﬁ + = 50kV WPP dusterl |, snwe..: L 2320"\H :0 + 50kV £ 50KV \
EE: S Sub-resonant DCM i % '-1(‘.:- = L k k T L Lot _. [ k I,-"I
I@ ]3 i -— . | l| | | 55““1 . | | |ﬁ"°“ | PA | | o
B — lopat vo Volta ige :\sﬁ?\- n\'/‘:\n:vlv n:g%vagéi}w :E:n:r ::vv\-lv n:m‘:w ;‘\i 2 kv nw/w M: \““' \“GJ -"Ifl
m Unidirectional _ /
MF Ser'ies Resonant F3 Fa F2 Offshore substation converter
DC—>MVDC : MVDE-side o £ HVDCsside
Conversion in Each Ty o e EE* o
Wind Turbine Fo | @y ou ﬁ i
- | M [EM]_ [sM L
" 100mm? , O.82km/cable K Iijoﬂhm’ ,D.82km/ea hle-I TFaedert + "'_ [+
iFava L= - r £
_ Ipcedera % I'SVI.: rsm‘: 3
a7 36 :“: i{l EE] 32 :.‘—l\. |_~,9 N IS—M'J Isﬂij W i
o e e e e ! | e e ~—
s s e A e B E LY
a8 a7 46 45 a4 43 42 a1
w3 [63| s (3] [om w3 [ L
@ﬁ@Jﬁ@i@ﬁ@E@ﬁgjﬁlﬁlﬁ m = 50kV Offshore Collection Grid

Source: Kjaer/2016

ETH:zurich

100mm’ , 0.82km/cable 300mm’ , 0.82km/cable

m +50kV / +320kV Offshore Substation
m MMLC-Based MF Isolation
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» Subsea Applications - Oil & Gas Processing

m ABB’s Future Subsea Power Grid > “Develop All Elements for a Subsea Factory”

ETH:zurich
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» Future Subsea Distribution Network

e Transmission Over DC, No Platforms/Floaters
e Longer Distances Possible

e Subsea 0&G Processing ST [ m
e Weight Optimized Power Electronics »
% (=}
U
@
o
(1]
—
n
=
o g
Long AC
O&G processing cables
¥ " B
. Platform/float : l
i a. Q;;; ega Bre Subsea g)
Power supply 8-
Pl.atform' based power Sl 8
g it or=:powe{ : i_ongfdistanr::e power ;'p'%: J ()
. from shore IOH =18 Step-down machine
transformer
ABB investing in subsea electrification & automation z :'iﬂh 4
solutions to enable future subsea processing n?::hine \ J
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» Power-to-Gas

m  Electrolysis for Conversion of Excess Wind/Solar Electric Energy into Hydrogen
—> Fuel-Cell Powered Cars

- Heating
m  High-Power @ Low DC Voltage (e.g. 220V)
m Very Well Suited for MV-Connected SST-Based Power Supply
Power grid ¢ Gas grid

gﬁ ~ Conversion into electricity —

Storage of electricity

Combined cycle
plant/CHP

Electrolysis/ H,
H, tank

C0, tank

Methanization

9]
(@)
~
()
(=
g
I(D
N
«
=ic
F=

— Hydrogenics 100 kW H,-Generator (n=57%)
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» Future Hybrid Distributed Propulsion Aircraft

Source:

EADS

m Powered by Thermal Efficiency Optimized Gas Turbine and/or Future Batteries (1000 Wh/kg)
m Highly Efficient Superconducting Motors Driving Distributed Fans (E-Thrust)
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C I Power Electronic Systems
Laboratory

Source:

» Future Distributed Propulsion Aircraft

Superconducting-motor-driven
fans in a continuous nacelle

High-speed HTS P Distributed
Igh-spee str e
Wing-tip mounted ge%era?or—. electrical motors _.f, falnsl u
superconducting ! bus = P /
turbogenerators J / ower !
; ] i converter
Turboshaft Cryo | \
engine cooler(s
9 (s) ! R - g
I
Cryo |
cooling ~
+ —
m NASA N3-X Vehicle Concept using Turboel. Distrib. Propulsion
m Electr. Power Transm. allows High Flex. in Generator/Fan Placement Other
m Generators: 2 x 40.2MW / Fans: 14 x 5.74 MW (1.3m Diameter) applications
TECHNISCHE
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Conclusions

—_ SST Limitations / Concepts —
Research Areas
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» SST Ends the “War of Currents”

DIRECT CURRENT

The flow of dlectricity is in one direction only

Il Light Emitting Dicdes

Ediaon promised Teals a genero could smooth
out hig diect current wyitem, The young engineer tooh

ded up saving Esinon

o !

Brove tha daagers of Tesk
o vtage

>} =

OF AN EARLY

(LB RS S

st
Wisard of tha West
Stutied math,

Eiectromagnatism snd el
Trial and e Cotting inspired and seeing the [mvent

AL [Alternating Cin

194 3—Dis debt in
Hoom 353 i
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ALTERNATING CURRENT

Eléctric charge
s 4

i trans

Radio Signals Appliances

Levetr:

COLLABORATION BETWEEN GOODD AND COLUMN FIVE

m No “Revenge” of T.A. Edison but Future “Synergy” of AC and DC Systems !

ETH:zurich
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» SST Applications - The Road Ahead

m NOT (!) Weight / Space Limited
m Smart Grid, Stationary Applications

e AC/AC

- Efficiency Challenge

- Controllability also by More Efficient Alternatives
* Tap Changers
* Series Regulators (Partial Power Processing)

- Not Compatible w. Existing Infrastr.

- Cost / Robustness / Reliability

- m Weight / Space Limited
Etf;gtigcxpﬁ?cl.lenge more Balanced m Traction Applic. etc.

Cost / Robustness / Reliability

DC/DC
AC/DC
AC/AC
- Sw. Frequ. as DOF of Design

- Low Weight/Volume @ High Eff.
- Local Applic. (Load/Source Integr.)

DC/DC

No Other Option (!)
MV DC Collection Grids (Wind, PV)
Sw. Frequ. as DOF of Design
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» SST Development Cycles - Outlook

=X\ 4. Wave K
._8 SST Applications
g & Products
o
= 3. Wave
= Advanced SST
Concepts
2. Wave (HV-SiC) )
Modular SST Concepts and \
Prototypes for Traction .
(Si GBTs, LV-SiC) 2. Wave (Grid)
1. Wave Appl. in Datacenters
MF Isolation Concepts », and Microgrids _
for Tracti . * o
(Thyristors 1. Wave (Grid) .
Y SST Concepts for Smart Grid
— - -
/ £ o
3>
1970 2000 2015 2025

m Development Reaching Over Decades — Matched to “Product” Life Cycle

ETH:zurich
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Traction

Grid
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Thank You!
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Questions
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