ETH:z(rich [EEE | PEMC

TECHNOLOGY BRIDGE

Tutorial No. 1

Solid-State Transformers
Key Design Challenges, Applicability,
and Future Concepts

Johann W. Kolar, Jonas E. Huber

Power Electronic Systems Laboratory
ETH Zurich, Switzerland




1L I Power Electronic Systems
"= Laboratory y

Agenda

What Is An SET? Future Conceptsé

SST Design Challenges #1-6 SST Design Challenges #7-11 References

Conclusions

SST Motivations
SST Applicability
Contact Information
Prof. Dr. Johann W. Kolar kolar@lem.ee.ethz.ch ETH Zurich
Jonas E. Huber huber@lem.ee.ethz.ch Ezygksilrztsf?csy“ems Lab

8092 Ziirich
Switzerland

ETH:ziurich



1L I Power Electronic Systems
1"'= Laboratory

What Is a SST?

Transformer History and Basics
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» Classical Transformer — History (1)

m 1830 Henry / Faraday — Property of Induction

m 1878 Ganz Company (Hungary) — Toroidal Transformer (AC Incandescent Syst.)
m 1880 Ferranti — Early Transformer

m 1882 Gaulard & Gibs — Linear Shape XFMR (1884, 2kV, 40km)

m 1884 Blathy / Zipernowski / Deri — Toroidal XFMR (Inverse Type)

W. STANLEY, Jr.
INDUCTION COIL,

7 %
Patented Sept. 21, 1886, No. 349,611,

m 1885 Stanley (& Westinghouse) — Easy Manufact. XFMR (1t Full AC Distr. Syst.)

[Stanley1886]
Jﬁ'u:'J_PEM
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» Classical Transformer — History (2)

UNITED STATES PATENT QOFFICE,

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

ELECTRICAL INDUCTION APPARATUS OR TRANSFORMER.

SPECIFICATION forming part of Letters Patent No. 422,746, dated March'4, 1890,
Application filed January 8, 1890, Sexial No. 336,290 (No model.)

m 1889 Dobrovolsky — 3-Phase Transformer

5/198

(No Model.)

M. VON DOLIVG-DOBROWOLSKY.
ELEOTRIOAL INDUGTION APPARATUS OR TRANSFORMER.

No. 422,746, : Patented Mar. 4, 1800.

=
P

. ) T rercdor
Hilnasses: T

Gelr i d
Hlligien f’z%(ﬁ’m:, l;f/(u,mz.,,_:g fﬁg .

m 1891 1%t Complete AC System (Gen. + XFMR + Transm. + EL. Motor + Lamps, 40Hz, 25kV, 175km)

ETH:ziurich

[Dobrovolski1890]
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» Classical Transformer — Basics

m Magnetic Core Material
m Winding Material
m Insulation / Cooling

m Operating Frequency
m Operating Voltage

m Voltage Transfer Ratio
m Current Transfer Ratio
m Active Power Transfer

m Reactive Power Transfer
m Frequency Ratio

m Magnetic Core
Cross Section

Acore =

m Winding Window Ayg, =

ETH:ziurich

Silicon Steel / Nanocrystalline / Amorphous / Ferrite
Copper or Aluminum
Mineral Oil or Dry-type

50/60Hz (EL. Grid, Traction) or 162/,Hz (Traction)
10kV or 20kV (6...35kV)
15kV or 20kV (Traction)

* 400V
e Fixed
* Fixed
* Fixed (P, = P,) u,
* Fixed (Q, = Q,) 1
e Fixed (f; =1,)
1 Uu, 1
V2m gmaxf Ny i
o,
214 u
U
kW]rms 1
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» Transformer Scaling Laws (1)

2 1 u, 1
Core = = 3 ——
°\\:—_ e \/ET[ Bmaxf Nl
(I V2 P,
:-T CWJ% m Area Product: AcoreAwdg = —T B 7
° WJ/rms®”max
21 j4<c 3
Awdg = ——N; m Volume: V x (A A )4 X ——
& kwlrms e CorelWdg f3/4
162/,Hz 50Hz
100
90 | —Grid —Traction

80
70

= 60 m Caution: Too Optimistic!
£ 50 | * Constant Isolation Material Thickness
2 :2 * Lower Fill Factor (k) because of Litz Wires
20
0 | m Gain of Frequency Increase Depends on
0 Grid Frequency
10 100 1000 10000 100000 1000000

Frequency [Hz]

.r EEE | PEMC
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» Transformer Scaling Laws (2)

m Scaling of Core Losses

d 2
PCore OCfP (Z) |4

1\’ . 1
PCOI'eOCl_Z lOCT

> A Increasing Size ()

ks

.U

=

L

T .
Power Density

ETH:zurich
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m Scaling of Winding Losses

Pivge € I2R I*lwag
wd
& KAde
1
Pde o8 7

m Higher Relative Volumes (Lower kVA/m?3)
Allow to Achieve Higher Efficiencies

IEEE | PEMC



1L I Power Electronic Systems
1"'= Laboratory

» Classical Transformer — Summary (1)

m Advantages

Relatively Inexpensive
Highly Robust / Reliable

Short Circuit Current Limitation

m Weaknesses

Voltage Drop Under Load

Losses at No Load

Sensitivity to Harmonics

Sensitivity to DC Offset Load Imbalances
Provides No Overload Protection

Possible Fire Hazard

Environmental Concerns

Low Frequency — Large Weight / Volume

ETH:ziurich

9/198

Highly Efficient (98.5%...99.5% Dep. on Power Rating)

AW Bk

L —

N

Img.: http: //www hieco-electric.com

IEEE | PEMC
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» Classical Transformer — Summary (2)

m Advantages

Relatively Inexpensive

Highly Robust / Reliable

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

Source: http://www.africancrisis.org

)
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SST Definition

”S'EL"J_PEM
e FR

THCHNGLOGY RRIDGE

ETH:ziurich



ED Dboratory e ystems 12/198

United States Patent Office S

Patented June 23, 1970

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. HO2m 5/16, 5/30
U.S. Cl. 321—60 14 Claims

1968!

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits Inventor.
have a high frequency transformer link whose windings Witlam MeMurray:
are connected respectively to the load and to a D-C or Filed April 16, ‘ ' E7ntn . C )
low frequency A-C source through inverter configuration ' - . _ y/-;i; A’itoﬁﬁe Ve
switching circuits employing inverse-parallel pairs of con- F' / /a .
trofled turn-off switches (such as transistors or gate turn- o *

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 : —I—/j /4

in each of the primary and secondary side circuits, and

alternately rendering conductive another device in each /AR i

switching circuit, the input potential is converted to a Hg .

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 l

side by 0° to 180°, and is used to effect current limiting,

I
current interruption, current regulation, and voltage regu- 2y — : W
lation.

m Electronic Transformer (f, =f,)
m AC or DC Voltage Regulation & Current Regulation / Limitation / Interruption

[McMurray1968]
IEEE J_PEM
A
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» Electronic Transformer

m Inverse-Paralleled Pairs of Turn-off Switches
m 50% Duty Cycle of Input and Output Stage

rigJ
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J » Ed
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CONTROL
CIRCUIT

PHASE
o
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ERCL

m f, = f, = Not Controllable (!)
m Voltage Adjustment by Phase Shift Control (!)

ETH:ziurich
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- QUTPYT VOUTAGE
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» What is a Solid-State Transformer (SST)?

m Power Electronics Interface
m Medium Voltage Connection
m Medium Frequency Isolation Stage Ao
m Communication Link o HVy
2
m I/0 Quantities >Z -
= — T
« DC/DC g 5
o 1
A, ’
. R e B e
7/ACp 50Hz 1 10 100 1000 kHz
N — e —
1ph, 3ph, var. f, etc LF HE
« MV/LV, MV/MV Isolation Stage Frequency
m Terminology McMurray Electronic Transformer (1968)
Brooks Solid-State Transformer (SST, 1980)
EPRI Intelligent Universal Transformer (IUT)
ABB Power Electronics Transformer (PET)
Borojevic Energy Control Center (ECC)
Wang Energy Router
etc. [Brooks1980]
IEEE | PEMC
ETH:zurich -
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» Example SST System: ETH MEGAlink SST Concept

MV Connection

m Specifications
\ . multilevel output

. 1 MVA ow S nyetase

e 10 kV ACto 800 V DC and 400 V AC RST N

e 1700V IGBTs on MV Side ﬁTﬁ/LF —" converter cell
L

e | TR Bl

1%

1} T [T
g ] [ RIE G| T I
MF Isolation T (GG [R[F RS
) I cd] | o[BI ] [ BBl
e e L] I o | | T o
m Commonly Envisioned Features i R[4 §/||§ H [ || kel 4 i he[ | WElE 4
NMV
* Voltage Scaling & Galvanic Isol. MV phase stack
* Power Flow Control . | ey —A >
* Reactive Power Compensation T L Cmadh, E S N
* Fault Current Limiting N MHMW
e DC Interface N s —ad x o
R T |/ac
500 kVA LV converters

+
800VDC ——  pChus

IEEE | PEMC
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» The Solid-State Transformer Hype
m Evolution of # of SST Publications Per Year:
700
()
ox e”*
X X X X O 4 N OO F 10 O ™~N0 OO 1 AN M ~F W
O I~ 00 O O ©O ©O O O O O O O O ™ ™ v o o
O Oy OO O O O O O O O O O O O O O O O O O
L I s I o VBN o VN o VNN o VI o VNN o N NN o NN o VNN o N I o N BN o VNN o N BN N BN o VI a VA
Google Scholar Hits for Query: ("solid-state transformer") OR ("electronic transformer") OR ("Intelligent Universal Transformer") OR ("Power Electronic
Transformer") OR ("Power Electronics Transformer")
m How To Keep An Overview?
* Identify Origin and Evolution of Key Concepts
* Narrow Down Feasible Solutions by Identifying Core Requirements, e.g., Modularity
L IEEE , PEMC
ETH:zurich
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SST Concept Motivations

Traction — Weight & Volume

IEEE | PEMC
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» Classical Locomotives (1)

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

m Isolated AC/DC Conversion (!)
m Volume & Weight Constraints

Img.: www.abb.com

A Main Transformer

ETH:ziurich
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1 kV 3ph

Img.: www.elprocus.com

Loco Coollng Fanz Circut
Compresw Main Rectfier  Ereaker Partograph
Elattery * T T s [ul ul

DC_Link

\l:(:) I | Ma'itn
\. o] ||| 79T ot

1 K

Main Transformer / Axde Brush 3P hage AC Motars

hdotar Ellowers

uxmary
Recimer

3-Phaze AC Motors

Aviliary
Inverter To other 3-phase

AC motors

IEEE  PEMC
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» Classical Locomotives (2)

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

m Isolated AC/DC Conversion (!)
m Volume & Weight Constraints

m Traction Transformer  AcoreAwdg =

Img.: www.abb.com

ETH:zurich
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1 kV 3ph

V2 P
n kW]rmSEmaXf

— Volume/Weight Reduction By Increasing J

rms

Efficiency 90...95%
Current Density 6 A/mm?
Power Density  2...4 kg/kVA

(99% Typ. for Distr. Transf.)
(2A/mm? Typ. for Distr. Transf.)

IEEE | PEMC
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» Next Generation Traction Systems

m It's Getting Tougher!

Distributed Propulsion — Volume Constraints  (Space for Add. Seats)
Low-Floor Vehicles — Weight Constraints (Roof Mounting)
(
(

High-Speed Trains — Weight Constraints Higher Power at Same Max. Axle Load Limit)

Impr. Energy Efficiency ~ — Loss Constraints No Further Increase of J._, etc.)

rms’

m What Degrees of Freedom Are Left?

VI P Al
Acorefwag = T — 5 — ’
W.
rms Pmax 4 \ 1.74kg/KVA @ 16.6Hz = Factor 1/10 (1)
1 0. 17kg/kVA @ 400|‘|Z
V x (ACoreAde) GE e ’

f/

3
)

I

o
—_
o
o
n
o
o
w
o
(=}
S
o
o

500 Hz 600

— Frequency as DOF to Reduce Weight & Volume! [Vic,t°r2005]
[Hazeltine1923]

o IEEE J_PEMC
ETHziirich A
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» Next Generation Locomotives

m Loss Distribution of Conventional & Next Generation Locomotives

J

AC

DC

i

DC

AC

Losses

0

AC

AC

gl

AC

DC

no

DC

AC

10

m Medium Freq. Provides Degree of Freedom — Allows Loss Reduction AND Volume Reduction

ETH:ziurich
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LFT
—LV DC/AC
SST

—LV MFAC/DC

—Transformer

~ B —MV DC/MFAC

a MV AC/DC
Traction AC/DC

IEEE J_PEMC
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Smart Grid — Controllability

IEEE _LPEMC
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» Advanced (High Power Quality) Grid Concept

m Heinemann (2001)

Set of Diswributed Resources

MV DC connection

HV-Feeder
-

%

| Conventional Secon-
I dary Substation
1

23/198

Small Distribuced
Generation Units

Rural Arcas
Secondary Substation Sccondary Substation
=7
4/_
e.g. Fuel cell
Small Distributed
Generation Units
______________________
fe=l -
] DC Loads
LY DC-Link - 1 {option)
! A -E:— . A
! 1
| He=—- »
I Procected
1 AC Loads
= .
!
el — -
Distributed Storage J Normal AC
! | &g Flywheel i ] Loads Office Buildings, Banks, Malls,
, | % = A Hospitals, indusrry. ...
i 1 1
VA S |
! Secondary Substation with MV/LV Power
! Electronics Transformer

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

Customers

ETH:ziurich

[Heinemann2001]

IEEE | PEMC
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» Smart Grid Concept

m Boroyevich (2010)

HYDRO H‘( DRO

m Hierarchically Interconnected Hybrid Mix of ) ] Lar GE ScALE PoviER PLANTS B S
AC and DC Sub-Grids o wvoe T
H\;r,mcrﬂrﬁ ) @ | TRANSI:MSSIONI ) r'ijl-wmc
e Distr. Syst. of Contr. Cony. I'nterfaces TRANSHISSION i, Ecc m o TRANSHISSION
* Source / Load / Power Distrib. Conv. :
* Picogrid-Nanogid-Microgrid-Grid Structure 9 | )
* Subgrid Seen as Single Electr. Load/Source chc
* ECCs provide Dyn. Decoupling = . wm | TF
* Subgrid Dispatchable by Grid Utility Operator 'ﬁ! e Qﬁ' - ‘1' " g,;ww'un @g—&m
« Integr. of Ren. Energy Sources " ‘@| '%' ‘?‘” '%' ‘Vlm”
[ % nECC ?’( ] [ _HECC T
m ECC = Energy Control Center P e AL
h s
* Energy Routers | T o —
* Continuous Bidir. Power Flow Control CONSUNER CONURER
* Enable Hierarchical Distr. Grid Control e LoADS s LoADS
* Load / Source / Data Aggregation
* Up- and Downstream Communic. T —
* Intentional / Unintentional Islanding ;
for Up- or Downstream Protection l______________________GroO
e gle.
[Boroyevich2010]

.r EEE J_PEM
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» Future Ren. Electric Energy Delivery & Management (FREEDM) System

m Huang et al. (2008)

m SST as Enabling Technology for the “Energy Internet”
IFM = Intellig. Fault

o Integr. of DER (Distr. Energy Res.) =3z Management
e Integr. of DES (Distr. E-Storage) + Intellig. Loads % |(D
* Enables Distrib. Intellig. through COMM U\
* Ensure Stability & Opt. Operation . | + |
o — Q
1 E o
° @ = <
-4 @ 2 [
12 kV AC Bus 8 — a
IFM| 1 {IFM ;;I_ g - 2 —|§
) T | T :
coni — - -
400V DC B 120 VAC B > iy ]
e us | ' us EI— ” = i . Jg
ﬁﬁ... ...ﬁ 2 % "
N ©
@ T ko] h=] o - ja]
3 1 al 51— I
a ™ 8 ? 2 © | i ¥

* Bidirectional Flow of Power & Information / High Bandw. Comm. — Distrib. / Local Autonom. Ctrl.
[Huang2009, Huang2011], Figs.: [Falcones2010]

IEEE J_H:‘MC
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» SST Functionalities

m Protects Load from Power System Disturbance

* Voltage Harmonics / Sag Compensation
* Qutage Compensation
* Load Voltage Regulation (Load Transients, Harmonics)

m Protects Power System from Load Disturbance

Unity Inp. Power Factor Under Reactive Load
Sinus. Inp. Curr. for Distorted / Non-Lin. Load
Symmetrizes Load to the Mains

Protection against Overload & Qutput Short Circ.

m Further Characteristics

Operates on Distribution Voltage Level (MV-LV)
Integrates Energy Storage (Energy Buffer)

DC Port for DER Connection

Medium Frequency Isolation — Low Weight / Volume
Definable Output Frequency (1-ph. AC, 3-ph. AC, DC)
High Efficiency

No Fire Hazard / Contamination

Supervisory Control / Status Monitoring Interface

ETH:ziurich

hi

h
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(1, O

C O
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» “Efficiency Challenge” (Qualitative)

w
Q
wv)
§ SST
— LV DC/AC
LFT
Q\ SST
1 —LV MFAC/DC
LFT —Transformer
] MV DC/MFAC
—MV AC/DC
AC/AC AC/DC

m SSTs in Grid Applications - A Skeptic’s View

* Efficiency of LFT for AC/AC Very Hard To Attain

» Weight/Volume Typically Not an Issue In
Stationary Grid Applications

* Robustness, Reliability?

e Cost?

f, EEE J_PEAMF“

ETH:(rich ﬁﬁ’z&
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DC-DC Conversion
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» Isolated DC-DC Applications

1
;
=

‘Gearbox

LVDC

offshore platform

MVDC HVDC
offshore platform | Exa m p les
—_ e In-Building DC Microgrids
— — _ * DC Collection Grids (Wind, PV)
Ac fe [Stieneker2014] e Future DC Grids in General

m DC Systems With Galvanic Separation Requirements — Isolated DC-DC Conversion = SST!
m Not Limited to MV Connection (Overlap With PSUs)

ETH:ziurich

MVDC

DC
AC

3

:

AC
DC

LVDC

m Transformer Operating Frequency
Can Be Freely Chosen!

IEEE | PEMC
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11 Key Challenges
of SST Design

Handling of Medium Voltage
Topology Selection
Reliability

MF Isolated Power Converters
MF Transformer Design
Isolation Coordination

EMI

Protection

. Control

10. Construction of Modular Conv.
11. Testing of MV Converters

WONDILA WK

{E.?E_LPEMC

ETHzirich A2

THCHNGLOGY RRIDGE



Challenge #1 /11

Handling of
Medium Voltage

Multi-Cell Approaches
Optimum Blocking Voltage
Single-Cell Approaches
Outlook

ETH:ziurich
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» Interfacing Medium Voltage With Power Electronics

m Limited Blocking Voltages of Available Semiconductors

* 6.5kV  for Si IGBTs
* 10-15kV for SiC FETs (Prototype Devices Only)

m Feasible Blocking Voltage Utilization: Only 50-70% (Cosmic Ray Induced Failures)

: 10

] 9

» m A Single Device Is Often 8

: Not Sufficient! g 7

.g 6

Phase ﬂ‘ ae ?, >

_ .?_: 4

] !

“ 2

1

] 0
] 0 5 10 15 20 25

Grid Voltage (kV)

Mod. Index.: 0.8
Blocking Voltage Utilization: 0.66

.r EEE | PEMC
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United States Patent
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(1) 3,581,212

{54] FAST RESPONSE STEPPED-WAVE SWITCHING /rventor:

POWER CONVERTER CIRCUIT

[72] Inventor William McMurray
Schenectady, N.Y.

[21] Appl.No. 846,354

|
(22] Filed  July 31,4_1969 .

[45] Patented May 25,

[73] Assignee General Electric Company

pm
-‘z-‘—’f 8n L0n
25n 12 22n tn V.2
' /5y
9n i
X
{ —
' i
i !
— {
éa
/ba R
4-’.23 Ha
Zia B2
2
93 "
&7
e L
25

ETH:ziurich

Wotlram McMyrray;

YH%.; A@to ey

m (Cascading of Converter Cells
m Multilevel Output Voltage

PHASE ANSLE 8

[McMurray1969]

IEEE | PEMC
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» Cascaded Converter Cells Instead of Direct Series Connection

m Direct Series Connection is Suboptimal

* Voltage Sharing (Static and Dynamic)

* Switching Synchronization

* No Add. Benefit of Multiple Switches

L |4y

()

ETH:ziurich

m Added Value: Multiple Converter Cells

* Modularity, Redundancy

* Multilevel Output Voltage Waveform

-

L
Phase o—-F—

34/198

- f ¢ 1/N,, 2 for Same Filter Inductor

Neutral

.r EEE J_PEMfT
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Optimum Blocking Voltage

It:‘bl:‘_LPEMC
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» Basic Trade-0ffs: Conduction Losses

m More Cells, More Series Voltage Drops (IGBTs):

L
>

Conduction Losses

P g Xn

con

Neell

Phase o—mmm—

|l
LLj
=

m Reality: Voltage Drop Increases with Blocking Voltage Due to Larger Drift Region

4

Vo [V]

ETH:ziurich

R*=0.876

0

2000

4000 6000
Vs [V]

Gate
Emitter/_/_ i
i — |
N* /IZ \ N*
p*
Epitaxial
— drift reaion
P N

| P

Img.: wikipedia.org (J_) Collector

36/198

Drift Region

.r EEE J_PEM
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» Basic Trade-Offs: Switching Losses

m For Equal Current Ripple in Equal Filter Inductors &
g I
* Switching Frequency (per Cell): fc e /P - P 1//72 (o)
* Cell DC Voltage: Ve o< 1/n £ SW
* But: Number of Cells: o n =
=
wv)

Meeu
m Switching Loss Modeling (Qualitative)

dv/dt

CE

. v Normalized IGBT Turn-Off Energies

0.9
0.8
0.7
0.6
0.5

0.4 1200V
ESW 03

SW
/ 0.2

- B ——— —

> Assumed > Reahty l]0.1 02 03 04 05 06 07 08 09 1
PSW M 1/”2...3 IT/ICHOFH

i

1
vy VDC 4.5 kW

>tS

chf/Pnnm [m‘]/kw]

|\ ]

Y

- — >

0.1

.r EEE J_PEMF

ETH:(rich -A;-SJ—’\—-
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» Loss-Optimal Blocking Voltage Choice

m For Equal Current Ripple in Equal Filter Inductors

38/198

* 10kV Grid Voltage » There Is an Optimum Blocking Voltage

20
~ 2
il Pw~Ym®
= Pcond ~n
T, 100 prT——— N
o’ 1200V 1700V ,total losses
oL >
0 L =i -—-"-i 1 4 }
0 1000 2000 3000 4000 5000 6000 7000
Vg [V]
e Other Grid Voltages
7000 T T ; ; ;
5000
= wop
2 3000F
= i
2000 F 1200 V N
600 V. 2 : ; H
0 — n _ o 2
10° 104 10° 10°
Vi [V]
ETH:zurich

m Optimum Blocking Voltage

I

m Optimum Number of Cascaded Cells
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» Optimal (Efficiency & Power Density!) Blocking Voltage (1)

m Volume as 2" Dimension: Varying Also the Filter Inductance!

Le

Phase -

K

K

Neutral

K

K

L | 4V/pc

-0

vs. AT

1 1
vl
1 1 V
vnl

e
o | |
1 1

Neutral

m Modeling of Component Losses and Volumes (Inductor, Heatsinks, Capacitors, IGBTs, etc.)

ETH:ziurich
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» Optimal (Efficiency & Power Density!) Blocking Voltage (2)

m Volume as 2" Dimension: Varying Also the Filter Inductance!

m Component Losses and Volumes (Inductor, Heatsinks,
Capacitors, IGBTs, etc.)

100 100 :
Rectifier Inverter
%9 “‘\ ' RN % “\_ N m
- | =
= 98 \ R 98f \\ s
< : ‘p:"’ < : 'l.'"'
l' '-I:" 3 t"?‘-
97 : 97 T =
' ) ' .15-
'-: "‘,‘._ ' .l'
96 . 96 -
1 2 3 4 5 6 1 2 3 4 5 6
p [kw/l] p [kw/1]

— 600V (29) |— 1700V (11)] 3300 V (6) 6500 V (3)
—— 1200V (15) —— 4500V (4)

m Caution: Minimum Filter Inductance Might be Defined By
Application-Dependent Protection Considerations

40/198

Further Reading: ETH / [Huber2016b]

ETH:ziurich
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» Enter Silicon Carbide: Si vs. WBG (SiC/GaN) Semiconductors

BV
i— — Wy =2
Ecrit
Amount of semiconductor m Specific On-State Resistance
. material needed to
Si isolate10,000V P 4| Blocking Voltage
on,sp —
Critical Electric Field
Diamond .. C e
[:] [:] m £ in SiC ca. 9x Larger Than in Si
1i:iloir)on gallit:g:)grsenide gall](;;m ride slcogrz)ca rbide d;[r)nond - Lower Ron,sp For Given BlOCking voltage

Img.: http://www.evincetechnology.com/whydiamond.html

Img.: Chow, 2015.

300 mQ e " | Unipolar Si Limit
mQ cm?_g
s: b L Unipolar 4H-SiC Limit
g 10
é RPI
: o 5
© |
0.6 mQcm2__% ° o "~ Bipolar Si (!) Limit
” . / * But: Bipolar — Sw. Losses!
" 10 * 100 1000 10000
Breakdown Voltage (V)
®si HSis) IGBT ®SiC A GaNHFET Y IR GaN
m e w h IEEE J_PEAMC
ZUric .
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» Example: All-SiC Traction Inverter
m Mitsubishi ALl-SiC Traction Inverter (2014)

* 3.3kV/1.5kA SiC Modules in All-SiC Traction

Inverter
* 65% Reduction of Size and Weight [kW]
* 55% Loss Reduction 5000

Locomotive

2000 High speed
rail
1000|
3.3 kV/1500 A
500 Full-SiC power module
200 1.7 kKV/1200 A
100 @ Hybrid-SiC power module
_~Img: M. Furuhashi/Mitsubishi, 2015
¢ MTSUBISH 750 1500 3000
A mwEECRC 2014 .
Changes for P Rated voltage for power device [V]
- IEI:L"J_PEM
ETH:urich g
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» Optimal (Efficiency & Power Density!) Blocking Voltage with SiC

m 1200V and 1700V SiC FET Power Modules for Comparison

Wolfspeed 1200V/5m{) ¥

: @96

ol
! & i)
i
g— e

ETH:ziurich

B

100 p 100 SC
i L 1 !
Si| —— T ) Si —)
99 b "-“ 99 . i N\ ..'.": 1
g 98 L. ;'.' ,,,,,,,,,,,, g 98 .... ::" '1,:
S J <
97 : 97
/' Rectifier Inverter
96 : : 96 :
1 2 3 4 5 6 1 2 3 4 5 6
p [kW/1] p [kw/1]
—— Si 1200V/300A —— SiC 1200V/120A —— SiC 1700V/300A
—— Si 1700V/300A SiC 1200V/300A

m Caution: Minimum Filter Inductance Might be Defined By
Application-Dependent Protection Considerations

m SiIGBT — SiC Transition Yields Significant Benefits!

Further Reading: ETH / [Huber2016b]
H:'I:EJ_PEAM
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Single-Cell Approaches

IEEE J_PEMC
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» Enter HV SiC Power Semiconductors

m £.in SiC ca. 9x Larger Than in Si

m Lower R, ., For Given Blocking Voltage

m Or: Higher Blocking Voltage for Given R,

m 10...15kV Prototype Devices Are Available

10kV SiC MOSFET »
(Wolfspeed)

ETH:ziurich

Specific On-Resistance (m0hm-cm?)

1000

45/198

300V |::> 3000V
| |

Img.: Chow, 2015.

100

W
10 100 10000

1000
Breakdown Voltage (V)

@S HSis) IGBT ®SiC A GaNHFET ¥ IR GaN

m Challenging HV Packaging

High Temp. Lid Midpoint

15kV/80A Package »
(Wolfspeed)

{ EEE J_PEI'I

_ﬁ ADTMA
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» Single-Cell Approach: The Positive Aspects

13.8KkV Grid %

15%&5 $ % ﬁ%

m Standard Inverter Topologies Can Be Employed 25 o\| Assumptions:
(Two-Level, Three-Level) u=0.7,M=0.9
m Comparably Low System Complexity

5
i \

m Three-Phase Inverter Stage S 10 NO,L@JQ

— Constant Power Flow In Isolation Stage (!) g @/

£ >0 2L + 10kV SiC
=
o
c
(&)

FREED

22kV DC Bus 800V systemscenter

o= GGG [Tripathi2012]

L
LU

StRtLL

m Max. Feasible Grid Voltages Limited By — 4.16kV Max.
Blocking Voltages

o

v

10 15 20 25
Blocking Voltage (kV)
IEEE | PEMC

ETH:(rich &
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» Single-Cell Approach: The Challenging Aspects

m Low Number of Levels — Remember: f o< 1/n?
m High Switching Frequency and/or Large Filter Inductor

/15 kV SiC devices _oved) g, m “Virtual” Devices By Adapting t;

° VCE,Num .
S -II{- S _< dic de (and thus di/dt and dv/dt)
o dt Y C,Nom
Coc == ~

Aty/?

— m Pareto Optimization for Two-

¥ ts Level, Single-Phase (!) System
Sﬂ@“z 54%'(}“4 PO ok,

&N i -t

2MV/us, 20kA/us

100

m Very Fast Switching Transitions

Required
99 [ 200kV/pis, 2kA/ps —
= 100kV/pis, 1kA/ps ~~ e High dv/dt — CM Disturbances
= 987 ' e High di/dt — Overvoltages
o7 | 1 L ] Further Reading: ETH / [Huber2016b]
96 :
1 2 3 4 5 6
p [kw/l]
m Implementation of Redundancy?
L IEEE , PEMC
ETH:zurich -
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Outlook

H:'I:L"J_PEM
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THCHNGLOGY RRIDGE

ETH:ziurich



ED Dboratory e ystems 49/198

» Outlook: Single-Cell vs. Multi-Cell

m Strategies for Handling Medium Voltage Connection

e Multi-Cell Approach + LV Devices, Multilevel Waveforms, Redundancy, “Divide et Impera”
- Complexity, Phase-Modular Topologies

* Single-Cell Approach +  Simplification of Converter Structure, Three-Phase Topologies
- Max. Grid Volt. Limited, 2L /3L w. Fast Switching Trans.

m The Best of Both Worlds?

* FEWER-Cells Approach  Higher DC Voltage per Cell 14 ] v — 2
Less Cells, Lower Complexity 12 410 4 sic MosreT—T 22
Multilevel Waveforms ] v
Redundancy 2" | *s
L i N
=8 I A 14 &
g 6 i J ‘_’ I- \ 10 g
5 §
=z ] =
m Suitable Choice Depends on Application Voltage and A I
Power Levels 2 2\ | T oomponents
] - Gate Drivers
1 } - Passive
m Careful Choice/Optimization of Blocking Voltage for ° o 10 20 30 40 2 components
Multi-Cell Systems System Bus Voltage (kV) materials

Img: [Passmore2015]

IEEE | PEMC
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Challenge #2/11
Topology Selection
Partitioning of AC/AC Power Conv.
Partial or Full Phase Modularity
Classification of SST Topologies
Conclusion: Main SST Topologies
ETH ziirich ~ &
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» Partitioning of the AC/AC Power Conversion

m 15t Degree of Freedom of Topology Selection
— Partitioning of the AC/AC Power Conversion

DC-Link Based Topologies
Direct/Indirect Matrix Converters
Hybrid Combinations

1-Stage Matrix-Type Topologies

2-Stage with LV DC Link (Connection of Energy Storage) {

2-Stage with MV DC Link (Connection to HVDC System)

3-Stage Power Conversion with MVand LV DCLink j

ETH:ziurich

51/198
AC ] [ AC °
- “ L]
Il —
I
AC pobL o
_
AC ] [ AC ST pe ST°
L] " L]
Il o
Il
AC pobl 14/ Ac L
— -
AC ][A(’ DC —
‘nn* +
Il o
1 -
AC DC l AC k.,
=
AC DC ] [ AC °
L] " L]
M —_—
1
Dol |/ AC AL
— .
AC ST po ][A(’ | pc /T
‘q
1l —
Il
pocl |/ AC pol |/ Ac L,
———
Ac /T | b AC I Dc /ST
‘nm’ +
i - —
el |/ A0 DC l AC L
——
A I D¢ ][A("
+ ‘mi
1l
- Il
ve LI /e AC
— .
AC I DC Ac ST | pc /T°
+ ‘mm*
- i —
el l AC pol /A0l
AC I DC AC I Dc /T
+ ‘nm* +
2 i - —
De I AC DC I ACE
—— —

IEEE | PEMC
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» Partitioning of the AC/AC Power Conversion

m 15t Degree of Freedom of Topology Selection
— Partitioning of the AC/AC Power Conversion

* DC-Link Based Topologies
* Direct/Indirect Matrix Converters
* Hybrid Combinations

 1-Stage Matrix-Type Topologies

 2-Stage with LV DC Link (Connection of Energy Storage)<

r

-

e TT i e TT

 3-Stage Power Conversion with MV and LV DC Link
— Requires HV Devices (!)

.

IEEE J_H:MC
ETH:zlrich I
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Partial or Full Phase Modularity

It:‘bl:‘_LPEMC
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» Partial or Full Phase Modularity

m 2" Degree of Freedom of Topology Selection
— Partial or Full Phase Modularity

* Phase-Modularity of Electric Circuit
* Phase-Modularity of Magnetic Circuit

V¥ Phase-Integrated SST

— 4 /T .— o S
o/ AC AC L,
— | — ) o
AC AC
o— - — o —o
—
o—/ AC | —mm L AC b
ETH:ziurich

54/198
o~ 10 /e [
- L - b— [
A e _!_i AC L,
=/}
T-—- [4c%0] B
) — A0
: N P
: _— . [
. — | 0]
H AC¢ /B
=== /F
T = -

-~ AC EE}H
gipZA= 1l =p2i)
Hi— —=
. - . A(?

| EACL s
:IZ - - AC ACU"

IEEE | PEMC
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» Partial or Full Phase Modularity: Examples

m 2" Degree of Freedom of Topology Selection
— Partial or Full Phase Modularity

* Example of Three-Phase Integrated (Matrix) * Example of Partly Phase-Modular SST
Converter & Magn. Phase-Modular Transf.

oL
o . @E@T@@i bl

N

LA s =
m Enjeti (1997)

[Kang1999]

m Steimel (2002)
[Wrede2002]

IEEE | PEMC
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» Partitioning of Single-Phase AC/DC PFC Functionality
m Required Functionality °|—_ i~ —_-__H__-_— AC -“‘7:
* F: Folding of the AC Voltage Into a |AC| Voltage it e o el 1
e CS: Input Current Shaping o - . e
e I: GalvanicIsolation & Voltage Scaling [— — 2 J

* VR: Output Voltage Regulation

— Single-Phase System!

m Isolated PFC Task Partitioning Variants

One Phase of Phase-Modular 3ph-SST

7] 5 i - 7 -
Isolated Back End (IBE) » j AC_| F CS § VR = /I VR = DC
— Broadly Analyzed and
Employed in SSTs o—i : : - — —p—o
° Z .
Fully Integrated » AC FiG0S L I7 VR =, DC
> ° P17 ; —1°
Isolated Front End (IFE)' AC F il CS { VR | == DC
— Less Common Alternative |

ETH:ziurich
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» Examples of Multi-Cell AC/DC SST Topologies

[Steiner1998], [Steiner2000]
[Dujic2013], [Zha02014]

il

( My LV
AC-DC ARU and  DC-DC alIBE Cells in‘ISEFConﬁguration
L BB JEFS - B} B} JEFS
= |
BB | TH B} B
| _,p--inz(t)
‘ @'—‘4' _\LVMT 2
m Isolated Back End (IBE) ' | T o
ACT]Fics W[E]T | = nc 4}% ::Jg},}\ E} Jj'}
B} | :

— h
f MV LV
oY o
N AC-|AC| aIFE Cells in ISOP Configuration
F R
R J

Jﬁ:—'
—

[ 1 "—Vlv F % /—vnul
=== ;Q/Z ] \ \ = }
Jéf DR N | 7
m Isolated Front End (IFE) J Ji} e i, Brﬁh
Vepes ~ sin(.t)2 = & i | ]
AC [ F i1 [ [cs i w[=EDC ?A}”;j;_” F , §||'§+7§K j’} G e
f~sin@®) = Jn JE;} JEBS

[Weiss1985], [Han2014], [
[Kolar2016], [Huber2016a] \ J —1

.. . H:'I:EJ_PEAM
ETH:zlrich P
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Classification of SST Topologies

IEEE _LPEMC
T _5 AEADIMIA

THCHNGLOGY RRIDGE
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» Classification of SST Topologies

Degree of Power
Conversion Partitioning

Two-Level
Single-Cell

LV and MV 3ph.
Integrated

J/

LV and MV 3ph.

59/198

o N
-
B Y F Y o

¢

Fully Phase Modular

Y

\\

v/

Multi-Level
Multi-Cell

¢

<’/
%

¢
¢

%)
\\

/
‘%0
Y
Q0

/{
%o
53

A

o
)

Q)

A}

VW J
o o

77
/
S
5

LV and MV Dir.
Matrix Conv.

—

DA
/\\\\\\\

A\

DS
\\;‘;\\
N

§

7
A}

Degree of
Phase Modularity

<

77
(L PP/
"'<"
A VA WA
>
A

Degree of Levels
Series/Parallel Cells

m Very (!) Large Number of Possible Topologies
m Partitioning of Power Conversion

m Splitting of 3ph. System into Individual Phases
m Splitting of Medium Voltage into Lower Partial Voltages

ETH:ziurich

A Enjeti (2012)
[Krishnamoorthy2012]

— Matrix & DC-Link Topologies
— Phase Modularity
— Multi-Level/Cell Approaches

IEEE | PEMC
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» Side Note: Unidirectional SSTs

m Simplification of Topologies for Unidirectional Power Flow

m SST As MV-Connected Power Supply

- - m Example Topology:
) Unidirectional Multi-Cell

@
.T' Boost Topology
G AR

| I [
I
|

m Example Applications

* Direct Supply of 400V/48V DC System from 6.6kV AC

* Direct PV Energy Regeneration from 1kV DC into 6.6kV AC [VanDerMerwe2009a]
[VanDerMerwe2009b]
ETH / [Rothmund2014]

IEEE | PEMC
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Conclusion: Main SST Topologies

IEEE _LPEMC
T _5 AEADIMIA

THCHNGLOGY RRIDGE
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» Main SST Topologies (1)

m Multi-Cell Topologies
* Isolated Back End
* Isolated Front End
* Matrix-Type (AC/AC)
e Modular-Multi-Level (M2LC)

m Single-Cell Topologies

ALDEARU

and

MV LV

LTIDTb_

DC-DC aIBE Cells in ISOP Configuration

'_"”ﬂs'n'ﬁﬁ ﬁ}
Bh B

p-:ina(f)

62/198

m Note: Specific Realizations May Vary (e.g., 3-Phase Configurations,
AC/AC Conversion, NPC Cells, DC-DC Converter Type, Unidirectionality, etc.)

ETH:ziurich

[Steiner1998]
[Steiner2000]
[Dujic2013]
[Zhao2014]

f, EEE J_PEAM
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63/198
» Main SST Topologies (2)
m Multi-Cell Topologies
e Isolated Back End
* Isolated Front End
* Matrix-Type (AC/AC)
e Modular-Multi-Level (M2LC) | —
L AC-|AC| alIFE Cellsm-IS.OP Configuration
m Single-Cell Topologies
A ' /e ot T,/2
) /|AC|~DC Boost
Veper ~ sin(t) == E
/\:L\ - g/s;rlz(t) £ RE -
fi~sinit) © AL
m Note: Specific Realizations May Vary (e.g., 3-Phase Configurations, eiss 185,
AC/AC Conversion, NPC Cells, Unidirectionality, etc.) [51:;2014]
[Kolar2016]
[Huber2016a]
H:'I:L"J_PEM
ETH:zurich
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» Main SST Topologies (3)

m Multi-Cell Topologies
 Isolated Back End
* Isolated Front End
* Matrix-Type (AC/AC)
e Modular-Multi-Level (M2LC)

m Single-Cell Topologies

SN N SV SO

m Note: Specific Realizations May Vary (e.g., 3-Phase Configurations,
NPC Cells, Unidirectionality, etc.)

[Das2011]

IEEE J_PEMC
ETH:irich AA
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» Main SST Topologies (4)

Direct AC/AC MMLC MF Rectifier
m Multi-Cell Topologies L -
e Isolated Back End TR , o TTT
e Isolated Front End SE3 Sﬂ? . Slyx g3 | || 3
* Matrix-Type (AC/AC) e T . T E
. 3l Sy Seqlek Sog) £ Dri& XDy,
* Modular-Multi-Level (M2LC) vl 14 vy || 2 2
] Bk )= )
m Single-Cell Topologies vae| [C 5 . »-,;-Fﬁi;r Oz
| A | 3
"2 -Sﬁﬂ:i 562]? | Vg :glzw Dk &Dy,
Sﬁgj"q% Sﬁgj'él i___ Slzjaislzusj'él é___
A .
8
g4 =
%0 10 20_ 30 40 50
Time[ms]
8 LNy Lnnnnnnj i 10
R 15 =
L R I SRR E e EERE 0 E
m Note: Specific Realizations May Vary S -4 153
" N -8 Ly MLy .10
(e.g., 3-Phase Configurations, AC/AC 0 10 2 40 50
ime[us

Conversion, Bidirectionality, etc.)
[Glinka2003], Img.: ETH / [Rothmund2014]
Jﬁ'hk'J_PEM

_a ADr
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» Main SST Topologies (5)

m Multi-Cell Topologies
* Isolated Back End
e Isolated Front End
* Matrix-Type (AC/AC)
e Modular-Multi-Level (M2LC)

m Single-Cell Topologies

SRArEry
= =
BEE RS

3 A
j{*} : dadad || glegded
m Note: Specific Realizations May Vary

(e.g., DC-DC Converter Type, Unidirectionality, etc.)

]

>

S
i~y
O]

T
i
re
A

[Tripathi2012]

.r EEE J_fv'EM
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» SST Topologies Summary & Outlook

m High Number of Possible SST Topologies
— Optimum Topology Choice Depends on Specific

Simplici
Application Requirements! implicity

Functionality <<= Reliability

m Trends And Outlook - J |

e LV SiC Devices Performance (n,p)

* HV SiC Devices / Single-Stage SSTs
* Reliability Considerations Are Highly Important

IEEE | PEMC
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Challenge #3/11
Reliability

Basics of Reliability Modeling

Cell-Level Redundancy
“Reliability Bottlenecks”

m . IEEE | PEMC
zurich SR
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» Example System: ETH MEGAlink Distribution SST

m Specifications =, Multilevel output
w7t
* 1 MVA RS T - o
e 10 kV ACto 800 V DC and 400 V AC * i/LF /converter cell
e 1700V IGBTs on MV Side o o I’ AT
R RBIE R B | [ Bl
T FREIE | BRI 3[R EIE 43
A[FGEIE Y 1 F BRI R| 3 FBEIE
THF AR | [ FREIE R [ Bl 3
Eﬁ%ﬁilfiﬁ TG BEIEG | 13 [ FlE 3
/
NMV
MV phase stack
L o/t =
m Modular System — MANY Components! T i -y S
L [pc — - -
— Can Such a System Still Be Reliable? s x
500 kVA LV converters

+

IEEE | PEMC

ETH:(rich -&-
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» Reliability Considerations for SST Design

m Remember:
Conventional Transformers are Highly Reliable and Robust

* Copper, Iron and Oil

VS.

* High # of Semiconductors, Gate Drives, Measurement and
Control Electronics, Cooling Systems, ... (!)

— -

Source: http://www.africancrisis.org

m Very High Reliability Requirements for Grid and Traction Equipment

m Include Reliability Considerations Early in the SST Design Process

* Reliability Block Diagrams

* Design for Reliability Approach [Wang2013]
e [Ee.

Textbook: [Birolini1997]

. IEEE | PEMC
ETHzirich R
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» Modeling Reliability: The Failure Rate

Random Failures

'UE_' ’ A = const. |
E "Useful Life" <« «Bathtub Curve»
2 E i
o § Al s
E ; s
B
N Time
m In General, the Failure Rate A(t) is a Function of Time % Sy e
] IGBTI 1/ '..'//
m Here, Only Useful Life is Considered 1000 - /
* Dominated by Random Failure Distribution 1000 m ,// /, IR
e Constant Failure Rate A I .
* [A] =1FIT (1 Fail. in 10° h) — Typ. Value for an IGBT Mod.: 100 FIT » 100 ——rl—
1 !25°c; T 1‘25°(; -
m Example Sources for Empirical Component Failure Rate Data o ]
s MIL-HDBK-217F, “Reliability Prediction of Electronic Equipment,” 1995 0~ == T—T>
* IEC Standard 62380:2004 (E), “Reliability Data Handbook,” IEC, 2004. v
* Stds. Define Base Failure Rates for Comp. and Factors to Account for Stress Levels (e.g.,
Temperature)
e s IEEE J_I"J;‘Mt’f
ETH:zurich et B8
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» Modeling Reliability: The Reliability Function

m Expresses Probability of System Being Operational After t Hours

m General Definition: R(t) =e" Jo Ax)dx

m During Useful Life: A(t) = const. = A:

o
.O
B
| o
=
Z
a
.=
2
Time
o @] oo 1
m Mean Time Between Failures MTBF = / R(t)dt = / e Mdt = b\
0 0
Caution: MTBF is Not the Time Before Which No Failure Occurs — It's All Statistics!
bl A MTBF
Average Availability: =
e MTBF + MTTR

Textbook: [Birolini1997]

.r EEE J_PEMiF?
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» Modeling Reliability: Basic Multi-Element Considerations

m Series Structure

. 1.0
(e.g. Components of a Single Converter Cell)
Ncomp. 0.8¢
F—EI_EZZ—"'_En—’ A."SZZ)\!' 0.6 +
i=1 N
Ty N=1
=041 ]
(General Assumption: Independent V=2
El ts with Equal Failure Rate. I
ements wi quatl railure rate ) 0.2 N=5 \
0
o
m k-out-of-n Redundancy me
(e.g., Redundancy of Cells in a Phase Stack)
e System is Operational as Long E 1.0
as At Least k out of n Sub- z
systems (Cells) Are Operational 2 0.87
: 06
E =
k-out-of-n = 0.4}
0.2¢
Effect of g Additional Redundant Cells » 0

Textbook: [Birolini1997] time

.r EEE J_PEM?
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» The “Power of Redundancy” (1)

1.0 1.0
0.87 0.8
= 0.6 \ - 0.6+ ‘
- = N=10,g=2
= 0.4} \ = 0.4} -
N=10,g=0
0.2f . - 0.2
0 . ' 0 ,
time time
m Remember: MTBF = / R(t)dt 1.0 p—
0
* Area Below Reliability Function! 0.8}
= 0.6}
m Redundancy Can Significantly Improve System o 0.4k ,
Level Reliability ' N=5,g=0
0.2
* 10 Elements + 2 Redundant: Reliability
Higher than for 5 Elements! 0 —
time
e IEEE | PEMC
ETH:zurich e
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» The “Power of Redundancy” (2)

m Value of Reliability Function at £ = 25 Years
(Probability That System Is Operational After 25 Years)

* N Elements
* g Additional Redundant Elements

[ —e *—

N Elements | —¢—

[

100

m Redundancy Can Significantly Improve System
Level Reliability

* E.g., for N =40: from 40% to > 90% with 2 Additional Redundant Cells

.r EEE J_PEMfT

ETH:(rich -J—\-EL
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» Example System: Cell Redundancy

m Modular System — Simple Implementation of Cell Redundancy!

MV Phase Stack

Four
Required Cells

Example:
4-out-of-5 Redundancy »™

m Redundancy Concepts
 Standby Redundancy
* Active Redundancy with Load Sharing

m Basic Assumptions
* Failure Rate of a Cell: A

cell

* Failure Rate of Stack: A 7., (w/o Redundancy)

ETH:ziurich

76/198

.r EEE J_PEMfT
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» Example System: Cell Redundancy and Reparability

m Reparability: Faulty Cell Can Be Replaced On-Site; Possibly Even In a Hot-Swap Operation
* Example: Mean Time To Repair (MTTR) of One Week Assumed

29 Required Cells 15 Required Cells
+ 2 Redundant Cells + 1 Redundant Cells
0% f ! ! !
= 29 4 4—= : 11+4 643
o B H -
S o | v 20+3— /*\)ﬂ
g 29 +1 - .
= 5 i
= \3 +1
10° Y i | i .
0 10 20 30 40 50

Additionally Installed Power [%]

Similar Effort

m Multi-Cell Designs Can Be Made Highly Reliable By Adding Redundancy!
m Preventive Maintenance Can Further Improve System Availability

Further Reading:
Note 1: 50% Of Cell FIT Rate Is Assumed To Be Proportional To Blocking Voltage
Note 2: Absolute MTBFS Values Depend on FIT Rate Assumptions; Relative Results Stay The Same ETH / [Huber2016b]
IEEE | PEMC
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» Reliability “Bottlenecks”

m Reliability Improvement by Means of

No Redund
Cell-Level Redundancy Is \0 Redundancy

-

o
™

* Very Effective

Control hardware
part only

Converter Reliability
o =)
ES o

0.2

Full converter

I I | i i I 1 | .
0 2 4 6 8 10 12 14 16 18 20
tin years

Control Hardware Becomes

Limiting Factor! 3 Redundant Cells
T Control hardware
e But Limited by Other Parts of the = part only
Converter System % 06 |
- Control g a~ e
- Auxiliary Supplies g Y e 7
- Communication ) ;ﬂ}coweNer \\\
- Bypass Devices LS | T~
_ 0 2 4 6 8 10 12 14 16 18 20
tin years
[Grinberg2013]
IEEE  PEMi
ETHzurich A
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» Redundancy In Single-Cell Systems

m Example: MV Motor Drive

Redundant Series Devices

& = = N
%{: 4 = 4 = X
LK ¢ 7= 4

Pk s
U, T T Motor’
L 3

X = S 4 =
%{:: XK & 1 & X & -
= - = N A Press-Pack NPC Phase

Module

Img.: M. Hiller, KIT (Converteam GmbH)

StakPak Subunit

S m Fail-To-Short Behavior Required!

m Only Feasible With IGBT Press Pack Modules

Img: powerguru.org

[Hiller2016]

{ EEE J_PEI'I
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MF Isolated
Power Converters

Dual Active Bridge
HC-DCM Series Resonant Converter

B . IEEE PEMC
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» Example System: ETH MEGAlink Distribution SST

m Specifications

e 1 MVA
e 10 kV ACto 800 V DC and 400 V AC
e 1700V IGBTs on MV Side

'

multilevel output
voltage

81/198

DC/DC Converter

m Each Converter Cell Contains
* Active Rectification Unit (ARU)

* Isolated DC/DC w. Fixed Voltage
Transfer Ratio

ETH:ziurich

0k ﬂ"i‘m,h\% ~

ﬁ {i/ Le h\“:"“: / converter cell
Bl kE] | [ BIE RG] | [ B
G GEIE ] [ apIE ] [T EIE
i< e T I Tl e T i e SR e 3
I e i I A e M e E A e T
E*@Eﬁ?/lliﬁ ([ EE k| [ hBIE
MV phase stack i

L
=

i

+
800VDC ———  pChus

KSOO kVA LV converters

IEEE | PEMC
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» Power Flows in Phase-Modular Solid-State Transformers

m MV: 100 Hz Power Fluctuation in Single-Phase Systems

10kV MV AC Grid
m DC/DC Converter Power Flow R Pr(t S T
How To Handle The Single-Phase i M i ‘ i ‘
Power Fluctuation? I
0 é || B ] o[ Bl ] 1 [ Bl 3
P e e T[RRI TR R T[RRI
£, STt aEd: [ EAn I EEra: - WEaeara: LEai)
) / [ I [IF I T3 IR
0 ! [ BIE 17 T[T B [TT | [ BME 3 )
1 '{.5 2 r 1— I—
PP
Buffering ¢> Transmission \
Capacitor Vol. ¢ RMS Currents ——+400V P =P.+P+

—— 400V ———

800V DC Bus

m LV: Constant Power Behavior of Three-Phase Systems

.r EEE | PEMC

ETH:(rich &
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Dual Active Bridge

IEEL"J_PEM
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United States Patent [
DeDoncker et al,

(1]

[54] POWER CONVERSION APPARATUS FOR
DC/DC CONVERSION USING DUAL ACTIVE

BRIDGES
[75] Inventors: Rik W.DeDoncker, Niskayuna, N.Y.;

Mustansir H, Kheraluwala;

Deepakraj M. Divan, both of

Madison, Wis.

[22] Filed: Sep. 29, 1989
20
Ig /
2%] 24>J 30>) 32J Io
28
A P
Ty f
Vg paTs L j
S z ” VO/'I'. @AD
o 36
23 R 1 Phase
N Transformer A . /33
| |
) MOS-Controlled
= Thyristor [MCT}

| T FIG. |

m Soft Switching in a Certain Load Range

m Power Flow Control by Phase Shift between Primary & Secondary Voltage

ETH:ziurich

84/198
Patent Number: 5,027,264
451 Date of Patent: Jun. 25, < 1991
A | ] | | | 1 |
! I |l 1 | | |
VAB ! l Il I
¢ i i ] 8
: i ! |l i
. h ! |
Veg : | N
T e v A
1 { ) | | |
ol TIN L N
T T
i I ! | | | '
FIG. 2
[DeDoncker1989]
IEEE J_jf’i:)-tfc
ot
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» Common Bridge Configurations

m Full-Bridge

=
<
||+
Il
E !
—_
2 .
|
I+
S
=

HEE i ‘JG .
o * Three Voltage Levels on Each Side

I
Il

=

_—

N2 '
Il
Il
<
-

|
I+

. e Suitable for Higher MV/LV Ratios

m Other Configurations Possible (Half-Bridge / Half-Bridge, etc.)

IEEE | PEMC

ETH:zlrich &3



1L I Power Electronic Systems
1"'= Laboratory

» Phase-Shift Modulation (1)

86/198

m Power Transfer Controlled Through Phase Shift Between MV and LV Bridges

I+

UMV +] . | . [
T N, | N,
X ,J;'} .JH} .,JK:}
A
X -
‘b I —
e ]
' v
2 N
ETH:zirich

Po (pu)

Vi

L

—_—
I

Vio

Fundamental model of the dual bridge dc/dc converter.

0.8 4

0.6 4

0.4 1

Fundamental model (d=1)
Actual model (d=1)

__________________

1 T T 1
20 40 60 80 100
@ (deg)

T

Comparison of the output power versus ¢, at d = 1, from the

fundamental model and actual model.

[DeDoncker1989]

IEEE | PEMC
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» Phase-Shift Modulation (2)

Laboratory

87/198

m All Switching Transitions done in ZVS Conditions (within a Certain Operating Range)

ETH:ziurich

[t

|
I+

'
1
(—¢—N:

A\

Po(pu)

» Soft Switching Range

d=25

soft-switching
hard-switching

Input Bridge
Boundary

d=05

Output Bridge
Boundary

T 1 1

0 30 60 90
@ (deg)

IEEE | PEM

_ﬁ_..
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» Phase-Shift / Duty Cycle Modulation

m Additional Degrees of Freedom Can Be Utilized for Optimization
m For Example: Minimization of the RMS Currents through the Transformer

DT @
e % N I
VAC1
300V 30A
ymmn Fl ° VACD amemm T R E—
200V ACE/ =N 20A
Dy, Dy o/ | l 100V |- i \\’ 10A
0.5 ! !
D, I 4 / :\
yd A1 o e FANY ] 0A
04 , = , Iy ~ [ /
/ ! / _100V i N 4 10A
| — N H
03 I il D.T ‘ /
P 2ls : N y

I I | :
| | | | E N
0.2 // /,i// i : -200V 1 [ I N Y : -20A
| ! | 1 1
01 — ' ; -300V |- | : 1-30A
I |
| |

|
| 1 1
V TCM | OT™M CPM ! : : !
0% : I [ S— ‘[ 1
. l = B Romise Sl TR 01 bty 14=Ts/2 15 Ius t; 15=Ts

m Not Possible in Half-Bridge Configurations (No Zero Voltage Intervals)

[Krismer2012]
IEEE | PEMC
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» Triangular Current Modulation

m Duty Cycles and Phase Shift Utilized to Perform Zero Current Switching (ZCS)
» HV IGBT Switching Loss Reduction

Unv | £ -i:-. 4 | Uy
N, BN,
N N J .
ol — » ZCS on MV Side (!)
ZCS on
ZVS on MV Side Z2CS on !VIV
Lv Side\ \ and LV Sides
| N
— -  — v ~
300V VA“/ 30A 300V A“'/ i 30A
L A
200V |/ 20A 200V |—£ \ 20A
---}[------ --p=--- \ (f? “Vac2 -/ Rl o et \ (f? " Vacz
100V : 10A 100V \ : 10A
ov ' 0A oV : ; / 0A
-100V \ 7/ 10A -100V \ - /- -10A
200V : f X / 20A -200V f f \ -20A
TI:DI TS . Tg j T3 \ T] =D 1 TS Tz : T3 \
-300V : : \C -30A -300V § : \ -30A
1 o] 1] | I . 11 r 111 !
T T I
0 h 15} Ts/2 lus Ts 0 1 153 Ts/2 lps Ts

Jﬁ'u:'J_PEM
ETHzurich P
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HC-DCM Series Resonant Converter

IEEE _LPEMC
T _5 AEADIMIA

THCHNGLOGY RRIDGE
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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS AND CONTROL INSTRUMENTATION VOL. IECI-17, NO. 3, MAY 1970 1 9 70 (!)

A Method of Resonant Current Pulse Modulation
for Power Converters

Img.: ewh.ieee.org

Resonant Tank

[ P ——

Thyristor-based

.

|

o *mloz / ]
Vemin = ._.,_.,_.d_.u _____ | 3
Te T~ AAA T 3
Transf. Voltage *] e % fr
¥ra ] p— e £=CI2 / /
l / CR|2 /
L ’
t ﬁ _________ -

g

“Vyg |

Fig.4. Alternative simplified schematic of a controllable and load-
insensitive series capacitor dc converter with transfer of inductive
energy to the load.

Transf. Current

-
L3
fr————————

- Discontinuous Conduction Mode (!)

[Schwarz1970]
[McMurray1971]

IEEE | PEMC
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92/198

» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM SRC)

m Operating Principle:  Resonance Frequency = Switching Frequency — Unity Gain

Isolation Stage

.
I
I+
1
LT
=
<

Operating Frequency o
v
1.2 — — \/(1
P
= N N Uwv | £
E1S 0.8 /ﬁ\ .
Ty ol SN
%06 / . AN
= LA e c
Z 04 11 AN
2 /// VTN
E / Q=5
= 0.2 / ‘\\
o= ’% 0= 10
oo 1. .. 0.l

00 05 10 15 20

. w
Relative Frequency o

m The Input/Output Voltage Ratio is Close to
Unity, Independent of Power Transfer

les: HV & LV side [A]

ZCS of All Devices »

ETH:ziurich

-100 -
-200
-300
-400

400
300 |-
200 |-
100

Img.: [Zhao2014]

.r EEE J_PEMfT



1L I Power Electronic Systems
1"'= Laboratory

» HC-DCM SRC Switching Transitions

m Zero Current Switching (ZCS) For All Transitions

DC
V. |
m! T AC

E Vo ut

Ly n:1 Cr
JIL AC
i V“T? [
.

m Load-Independent Zero Voltage Switching (ZVS)
Using The Magnetizing Current

Ly C

v, T l" Ly n”l A AC

R S W Y N T r' .
-y

]
<[ Vou

For 17

00V IGBTs

15

104

energy [ml]

(\x\g . \Esmﬂ
5 —

T,= 125°C

» ZVS

Fose | _)/ Ess.on

i " S ¥

ETH:ziurich

0 5 10 15 20 25 30 35

peak magnetizing current

[A]

93/198
S ZCs
/2 5 / I
i/l —
N ZCS/ZVS
\_it \ /2 t
iy To/2 / T
v/ ~—
m Loss Optimization With Magnetizing
Current and Interlock Time
m Example: 1700V IGBT
Further Reading: ETH / [Huber2013a]
ETH / [Ortiz2013a]
e P e
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» HC-DCM SRC: “DC Transformer” Behavior

o——DC S i 11 |i A1
i ojL.__ ik §”E—| DC 1

m Ideal (Lossless Components) —

— Steady State: V,u: = Vin
m Real
— Steady State: Vout = Vin

(Deviation Due to Losses)

— Tight Coupling of DC Input
and Output Voltages

» Acts as “DC Transformer” with
Certain Dynamics!

» No Control Possible/Required!

ETH:ziurich

* Source Bridge — Actively Switched Only

* Sink Bridge

T m Steady State 1

~ _ Vcroa
bF1 = 7
Vout = Vl

m Disturbance
Vout * Vin
— Add. Excit. Volt.

m Steady State 2

o= Vcr,0,2
72 =

Zo
Vout = Vin

4

A

94/198
— Passive Operation (Diodes)
]
N o
VCr—\ .
t
VCI’,O,'.I./ \\_//
\ jLoad Step
/ t
/
N
Ver,0,1 + (V1 'Vout)
\
//\\
A
VCr,O,Z/ \/
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» HC-DCM SRC Dynamic Modeling of Terminal Behavior

HC-DCM SRC m Dynamic Equivalent Circuit
ME transformer * Modeling of Terminal Behavior
* Based on Local Average Current, 7,
R Ly | G ]

m How to Choose Eq. Circ. Element Values? \ < J}X v A
* R, (Equal RMS Losses): Ii1y2 Ts
‘712?Rdc = 72 Riota :>[Rdc = Z_ERtotal = 3 Rtotal] e Tof2 ;
I'r
* Ly (Equal Stored Energy): * For Piecewise Sinusoidal Current:
TRl = 2L, ;»[LdC—ELa—azLa] a%? ﬁz:%z'%
in s s

Further Reading: [Esser1991], [Steiner2000], ETH / [Huber2015]
IEEE | PEMC
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» Again: Power Flows in Phase-Modular SSTs

m MV: 100 Hz (120 Hz) Power Fluctuation in Single-Phase Systems

10kV MV AC Grid i g Lyc Ry il
Pr(t) i i
R i f f \ S T ’ ¢ ;
SENS T_ *L ﬁ< Dynamic Coupling >ﬁ
TR F GEIE < [ﬁ%mum [K%EKHIIEK%_"
| e BabaEll 3 BIE 3T
|_1'33‘ 3 lE 3 l_fﬂ’:r_fﬂ‘g 13 rﬁlﬁ' 1
ol | | L GBIE ] m HC-DCM SRC Dynamics
a ITR\‘.’"\, (,R + .. L e MV DC Volt.: 100 Hz Fluct.
= 2001 I | T REBlE £3[] e LV DCVolt.: Constant
5 A
IR Bl — Transmission of Full Single-Phase
| | | Power Fluctuation!
Time [ms] 1 20 e Higher RMS Current (23%) in
+400V ) Transformer and DC-DC Switches
P,= PptPs+ * Appropriate Dimensioning
-400V V—m—
800V DC Bus

m LV: Constant Power Behavior of Three-Phase Systems
Further Reading: ETH / [Huber2015]

IEEE | PEMC
ETH:irich AA
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» Realization Options for DC/DC Converters in SST Cells

m Dual Active Bridge
(DAB)

TpAB

4 ]

>

nE
1.

\ (') Hard Turn-0ff

My 2
/ TS/Z

T

m Can (Must!) Be Fully Controlled

* Arbitrary Choice in Losses <= Capacitor

Volume Trade-Off

 Potentially Lower RMS Currents

ETH:ziurich

i
Vbr 1 \/ DAB

m Half-Cycle Discont.-Conduction-Mode SRC
(HC-DCM SRC)

L
1

Gt o E

Ty
/Vbr.

L%. T/2 Ts

tmax To/z \/ Wt

m Does Not Have To (Can Not!) Be Controlled (!)

* Reduces Complexity in Multi-Cell Systems
* Ensures MV Side Voltage Balancing

» Predominant Solution in Multi-Cell SSTs! !

IEEE | PEMC
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MF Transformer Design

Transformer Types
Litz Wire Issues
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» General Challenge of MF Transformers

Prim.

N Iso. ‘ V”‘.Af+i

m Higher Operating Frequency V2 P, Sec.

m Smaller Active Volume \ /

m Same Isolation Voltage (!)

m Lower Unit Power Rating Acore |[Awdg T kW]rmSBmaxf

Core

Cores

T

i

Sec. Iso. Prim.

MV Winding Cooling Through Isolators

m Solid Isolators — Bad Thermal Conductors
m Isolation vs. Cooling Trade-Off

m 0Oil = Coolant And Isolator (!)

IEEE | PEMC
no ‘Hu-ﬁ ACADEMLA

THCHNGLOGY RRIDGE
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» MF Transformer Design - Transformer Types

m Main Transformer Types as Found in Literature

Sec.
Sec. Iso. Prim.
Iso. \ Prim. |~ Iso.
Vd / N\
Prim. }I | | 4 Sec. Core
" e
N ('f'¢ )

Iso. Prim. Sec. Iso. Prim.

Coaxial Cable Shell-Type

m Transformer Construction Types Very Limited by Available Core Shapes in this Dimension Range
m Shell-Type has Been Favored Given Its Construction Flexibility and Reduced Parasitic Components

ETH:ziurich

100/198
Core Core
Sec. Iso.(rim.
Core-Type
IEEE | PEMC
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» MF Transformer Examples (1)

m Coaxial Cable Winding

Extremely Low Leakage Inductance
Reliable Isolation due to Homog. E-Field

Mounting Flanges

High Potential
Connection

Low Flexibility on Turns Ratio (1:1)
Complex Terminations

Conductor 2

Low Potential Cable boxes
Connection

Bobbin

Standard MV cable

Terminals
+ Cable box

and

* Heinemann (ABB, 2002)
[Heinemann2002]

. IEEE_LPEMC
ETHzurich e P e
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» MF Transformer Examples (2)

m Coaxial Windings - Core Type

* Tunable Leakage Inductance

* More Complex Isolation

* Total Flexibility on Turns Ratio

* Simple Terminations

* Hoffmann (2011)
[Hoffmann2011]

ETH:ziurich

&
&
&
=
P
®.
~
=
sy

102/198

0il Cooling For Core

W Water Cooling For
Windings (Hollow
Conductors)

primary hor.

IEEE | PEMC
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» MF Transformer Examples (3)

m Coaxial Windings - Shell Type

* Tunable Leakage Inductance
* More Complex Isolation
* Total Flexibility on Turns Ratio * 8kHz, 35Ok_W
* Simple Terminations * Water Cooling (Hollow
Conductors)
* Isolation for 33kV

* Steiner (2007)
[Steiner2007]

8kHz, 450kW, 50kg

e Efficiency: 99.7%

* Dry-Type / Liquid Isol.
(34.5kV)

o STS (2014)

www.sts-trafo.com

. IEEE | PEMC
ETHzirich .
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» ETH MEGACube: Water-Cooled Nanocrystalline Core Transformer

m Power Rating 166 kW

m Losses 0.88 kW

m Efficiency 99.5 % (Meas.)
m Power Density 32.7 kW/dm?

m ETH / Ortiz, Leibl (2013)

166kW / 20kHz Water-Cooled
Nanocrystalline Core Transformer »

ETH / [Ortiz2013b]
IEEI:‘_LPEMC
o _5 ADTMA

ETH:zlrich &
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» ETH MEGACube: MF Transformer Design - Cold Plates / Water Cooling

m Nanocrystalline 166kW/20kHz Transformer

A 102.94

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

ETH / [Ortiz2013b]
H:'EEJ_PEMC

ETH:zlrich A2

THCHNGLOGY RRIDGE
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I, Power Electronic Systems
Laboratory

» ETH MEGACube: MF Transformer Design — Cold Plates / Water Cooling

m Nanocrystalline 166kW/20kHz Transformer

Inner Cooling Plates Outer Cooling Plates
AP =19 W Core losses

AP = 57T W

Windings
AP = 353 W

Copper losses

Cooling system

20% (1)

Inner C-Shaped Pieces Outer C-Shaped Pieces Heat Sinks . ;
AP =34 W AP = 44 W AP =28 W

P - T , [ .

<. P &< y o 4

<
A

1
E-2 -‘

m Losses Generated in Internal Cooling System Amount to ca. 20% of Total Transformer Losses
ETH / [Ortiz2013b]

IEEE | PEMC
Ty _@ ACADIMIA
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» Anecdote: Litz Wire Issues

m Case Study: Litz Wire = (|)
with 10 Sub Bundles and 9500 x 71um Strands in Total 2 ’
3 -20%
Losses

m Unequal Current Sharing Between Sub Bundles

Current [A]

* Flawed Interchanging Strategy

¢ Influence of Terminations

Current [A]

Current [A]

— A
e T R T T T L T - S R T T T S =T B

. i |
0 25 50 75 100 125 150 175 200

Time [us]
1
o

S —

m Common-Mode Chokes for Forcing Equal Current Sharing 60 %
o =
ETH / [Ortiz2013b]
IB‘EEJ_PEM(?

ETHzirich -
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Coffee

Break
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Challenge #6/11
Isolation Coordination

Isolation Barrier Positioning
Mixed-Frequency Stress

ETH:ziurich
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» Isolation Barriers In A Multi-Cell SST
m Cascaded Cells Are On Floating Potentials
» Isolation Voltage = Grid Voltage + Margin Cell MV Transformer
— I.e., Many kV! ; Assemblies MV Winding
| ;
m Isolation Required e I ﬂ]' . |
* Towards Ground 4 [ 3 BIE 3 FrrrT i
* Towards Adjacent Cells = H M M :
1+ e < i
TREGHS <= ||
TRl
|| I J'} MV
v Typical Isolation Voltage L {‘% - {‘?'S ; .E {3 m
(Qualitative) = : 1
MV phase stack '+
L [pc - -r— A >
T |/ *l E’ §
L |oc —
T |- x
. 500 kVA LV converters
800VDC ——— pChbus
ETH_iirich &
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» Example: Isolation Coordination of Cascaded Cells” MV Part

m Components on MV Potential (e.g., Heat Sink)
m Isolation Towards Cabinet Required
m Field Grading to Avoid Partial Discharges, etc.

Insulation housing
| (laminated plastic)

Plastic cap of HV-part
(laminated plastic, ca. 2 mm)

(Semi-)conducting coat
field design

Slots
ﬁ[’fc'fegiiigo}' C Metallization
creepage distance s Hield design
#EMC shielding
Bulge
#field design SN '
i _ Glass bubble filled PU
............ ,:.7 glrease ot"' )
i i RRRRRRRRER o lielectric thickness
Discharge barrler : ~ #stabilization
(Polyethylen) N[ —
#avoidance of discharges ; AN T
along insulation surface Indentation Me-talllzatu.-)n
field design field design
[Steiner2007]

Jﬁ'hk'J_PEM
ETHzurich P
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Mixed-Frequency Stress

IEEE J_PEMC

THCHNGLOGY RRIDGE

ETH:ziurich



1L I Power Electronic Systems
1"'= Laboratory

» Mixed-Frequency Electrical Field Stress

m Combined Electrical Field Stress
* lLarge DC or Low-Frequency Component
* Smaller Medium-Frequency Component

|3LLceus

10

Voltage [kV]
[}

Ut

=5 || e—Vottset

e et

m Known From Machine Isolation Systems
m Physical Breakdown & Ageing Mechanisms Are Unclear

m 50Hz Stress Common-Mode

113/198
— - AC DC
== == top cell
|: DC DC
AC —T_|PC 1
Vine /ot DC DC
(RS - -
DC DC =
I:AC 1 |PC 1T —
' DC DC
50 Hz [kV/mm] MF [kV/mm]
- 0.53
e\

y [mm]

m MF Stress Differential-Mode (Mostly)

v

— Degree of Freedom To Optimize Isolation System!

Further Reading: ETH / [Guillod2014]

ETH:ziurich

=20

2.12
40 Q]
20 1 1174 1.50
of 1t 41.00
|

]

l 0.50

0.00

um, A

-13 0
x [mm]

0.40

I 10.30

| |F qo0.20

0.10

0.00

13
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» Mixed-Frequency Electrical Field Stress: Dielectric Losses

m Dielectric Losses Depend on the Frequency P()_() x f - E()?)z

) N Danger of Local Hotspots
m Example: HV-SiC DC/DC Converter: o 25kW
e 8kV (|)
e 50kHz <«—\°
Electric Field Dielectric Losses

Electric and Magnetic Losses Temperature

120 2.0
® oo e00
® 00 oo
00 oo
000 eoo
000 1:5 o0
/0o eoo
- 100 L — oo
g e olo; g eoe
) 15) oo = o0
= e 1 L0 = ooe
=~ ~ 000 ~ eoe
Sl '@.} oo eo0e
& 80 o ole = eoe
e ole eoe
soe 0.5 eoe
o0 eoe
o00 eoe
o0 e eee
oo eee
0.0 (b) 60 (c) 0.0 (d)

m Dielectric Losses In Epoxy Isolation: 16% of Total Transformer Losses
— Reduced Efficiency
— Increased Hot-Spot Temperature
— Accelerated Aging (7?)

m Careful Choice of Isolation Material is Essential (Field Strength/Thermal Cond./Dielectric Losses)

Further Reading: Upcoming ETH Pub. by T. Guillod.
H:'I:L"J_PEM

ETH:zurich o
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Challenge #7/11
EMI

Common-Mode Ground Currents
EMI Limits

. IEEE_LPEMC
ETHzurich e P e
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» CM Ground Currents: Basic Problem Description

An,_ 4 Qutput Voltage
m Considering One Phase Stack Including the DC/DC Converters

m Parasitic Capacitances Between Cells and Ground i |

I

. MV Lv %,
¢ i Lo

m Switching Action in One Cell Moves All Cells
At Higher Stack Positions In Potential Common-Mode Current

o Al My ¢ W _ﬁ%{l@ § .g -E%r
=< | I )
a.s_[: ~ iy E —ﬁ:}- 3
i E -
| tol G | )ﬁr =
is]be
N

m Charging Currents: 7 = C dv/dt
m CM Oscillations With Parasitic Inductances!

.r EEE | PEMC

ETH:(rich -AE-S'/—\—-
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» CM Ground Currents: Countermeasure

m Placing Common-Mode Chokes At Cells” AC Inputs

e Low Effort (Losses, Volume)

0>\2x 11 Turns on a ‘

® 45X 30X 15mm
(da x dj x h) Core

)

Losses [
wu

L ® e e o
0 0.5 1.0 1.5
Box Volume [dm?]

0

m Simulations With/Without CM Chockes

?cm,2

. (0]

2l Calculation 2
5

=

?cm,l 7cm,3 Icm,4 ;'cm

m Outlook: Higher dv/dt With SiC!?

ETH:ziurich

/ et -

117/198

I'Ej_‘

N
HH

Lcmc,L .

i

L .:

A
T

i

=l
Yorr

Lonc o= K || b B &[]

Lemer 2= | HeF [ 43 [BIIE]43 [1]
N

'_|40

= ofi

'"i40_

'_|40'

=0

N

0 2 4 6 8 10 12 14 16 1820
Time [ms]

Further Reading: ETH / [Huber2014a]

.r EEE J_PEMfT
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EMI Limits

IEE L"J_PEM
e FR
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» Grid Harmonics and EMI Standards

Medium Voltage Grid Considered Standards

o IEEE 519/1547
* BDEW
« CISPR (?)

Admissible currents [% /]

ETH:ziurich

10°%

THD, IEEE 519, BDEW, etc.

Requirements on Switching Frequency and EMI Filtering

PP

?

al

m Limits for CM Ground Currents?
m Limits for HF Noise?

Unclear Limits!

CISPR 11, etc.

119/198

o oo o

-~ J

IEEE 519/1547 CSimig : i

= 3 Nt o TimEmmmmmmm e i 1

«+a+3 BDEW = S =0
a BDEW, extrapolated o —— T~ ]
b+b CISPR 11 Alys S, = 50 kVA, IT grid [F33i5i5asicieazaiseaasceszazozezee : o
c+C CISPR 11 Aty S, = 50 kVA S R R et ‘-hh
+d CISPR 11 A1y S,= 10 kVA =3

10° 10° 10° 10° 10° 10’
Frequency [Hz]

ETH / [Burkart2012]

Jﬁ'hk'J_PEM
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Protection

Protection of the SST
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» Possible Fault Situations

m Transformer / SST May Be Exposed To

Very fast front  Fast front Slow front
( 1 ) Arcing transient  Lightning surge  Switching transient
$ t=3100ns  t=0.1-20ps ¢ =20-1000 ps

* Overvoltages >
g T >10  L-13ms t,=100-300 s t,=1-20 ms

e Overcurrents

Temporary Permanent
Earth fault Load condition
A Y
ol .
\
X

t 1 + + t
@ @ 10 us 100 ps 1ms 10 ms 100 ms 1s
) "% . ~
@) (D) Internal Fault

() Lightning Surge

2
W Grid & 65 ,’_E (3) Switching Transient
LV Grid v Q? 5 ol @ MV Short Circuit

= X

_ X X, @ LV Short Circuit
4oov‘ @ 400V 400V (6) Non-Ideal Load
o \
¢¢w¢¢i@l¢v¢¢

10 kV_

ETH / [Guillod2015]
IEEEJ_PEMC
o _ﬁ_ ACADEMIA

THCHNGLOGY RRIDGE
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» Typical LFT Protection Scheme

Overcurrent Overcurrent
MV Side / / LV Side
y 7 . . 7 N
L1~ %)u—n I228a" % .—:%) L)
L2 J: ?l—l anag™ Waaag! /X |—|(\IJP /l_LZ
L3 — o Ay Wp'p'p g WS L |—|<? /—“:;l-:'3
Disconnector Fuse @ PEN
HH %D Z (1)  Breaker Fuse HHH Disconnector
Surge Arrester Earthing Surge Arrester
Overvoltage Earthing Overvoltage

» Trade-Off Betw. Over-
voltages and Overcurrents

o
\_\\

"l‘lvlm

< Surge Arresters LV and MV Fuses » [

Img.: ABB (
Imgs.: http://www.openelectrical.org/ ETH / [GU'I[[OCIZO].S]
IEEE | PEM

ETH:zlrich e
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» MV Side SST Protection (1)

m Grid Short Circuit

Grid Fault SST

_|/DC ‘ VDC,SST

L 1/DC 'l’ VDC.SST

DC,SST

IE AC lV

 Phase-To-Phase Voltage (!) Must Be
Blocked — DC Capacitor Volt. Ratings!

m SST Short circuit

Grid SST Filter Fault SST AC/DC
- AT
1 l,& &
@mcv—f»—:lm A
sqr && | | DC =
O A
Zicwur ISS( o, ”’, L {~DC|...

* Current Limiting:
(SCR > 8%) — Filter Inductor > 8%

ETH:ziurich

123/198

m Overvoltage Protection

Overvoltage Surge (e.g., Lightning Strike)

/ MV Bridge

‘ MV Filter I
oMY L) Ly
Lt ] =
Vnc J'E:
Surge -
Arrester Voo = 11.4 KV

Arrester Clamping Voltage Is Still High
Grounding Scheme: Lower Stress if Unearthed

Current Limiting — Filter Inductor > 8%
Energy Absorption in DC Link Capacitors
— DC Capacitance Requirement

Further Reading: ETH / [Guillod2015]
Jﬁ'hk'J_PEM
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» MV Side SST Protection (2)
m Protection Considerations Affect SST Design & Limit Performance

m Example: Boost/Filter Inductor — Low Frequency Magnetic Component (!)

Min. 8% pu (SCR > 8%) V2

Critical for Low Power SSTs: L = 8% - 2 e Creation of “Safe” Environments to Protect
enf . Several SSTs at Once — “Swarm Protection”

Limits Control Bandwidth (e.g., Act. Filtering, etc.)

Volume Reductions Due to Higher Switching Frequencies Might be
Limited By Protection Considerations

m Outlook: Advanced Protection Concepts
* E. g., Solid-State Protection

~ a0 A T e Reliability?
———1 —3 1 2
£~ £~ = e Cost:
L * Losses?
= Solid-State Breaker = + DC -
AC Chopper Bypass Switch Brake Chopper
Further Reading: ETH / [Guillod2015]

e IEEE J_PEMC
ETH:irich " -
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Control

It’s Not Just Passives!
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» A SST is Not Just Passives!

Source: http://www.africancrisis.org

126/198

multilevel output

10K o voltage
RST ' 7
N
* ‘/LF "-"‘l' converter cell

[F[GERR] | [GEREEG
GG GE

MV phase stack

m High Complexity of SST Control System Compared to Passive Low Frequency Transformers

ETH:ziurich

IEEE | PEMC
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» SST Control System Partitioning

m Very Different Timing Requirements External Ctrl.
) - Smart Grid Integration
e IGBT Protection: us - Power Flows (P, Q)
* Grid Transients: ms to s -
. . . Internal Ctrl.
m Feasible Approach: Several Hierarchical Layers - Current/Voltage Control

- Redundancy Mgmt.

m How To Test?

(Cell) Internal Ctrl.
- Modulation, Protection

SST Power Hardware

4 The miniLINK
Lab-Scale Full SST Demonstrator
15kVA, 400V, <> 800V, <> 400V,

IEEE J_PEMC

ETH:(rich N, N
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» Example of SST Control System Partitioning

- Volt. - Volt.
Vo —l |7 cur. YV
Batte i
. y Central Control Unit (DSP + FPGA) SCADA Interfacﬁ
anagement - Overall Power Flow. Mgmt.
o - Current Bef. Generation Smart Grid Integratiorm
A g - Aux. Units (Breakers, etc.)

([ '|| Cascaded MV Inverter T

([ ]| - Time Sync. v Y
(e TERliER] - Current Ctrl. & Ref. Gen. | LV Inverter (FFGA) | LV Inverter (FPGA)

(e[RRI - Redundancy Mgmt. - Current Ctrl. & Mod.

IR (R[] ¢ T - DC Cap. Balancing
L - Protection
. [;] [ celt ctrt. (7rcA)
T - O] - Modulation
sooth 500 kVA LV converters ¥ - Protecﬁon
= ~[J>=~] -bc/ncctrl.

Real-Time Communication
- Ethernet-Based

- Fiber Optics

- Time Sync. (IEEE 1588)

mlt -4 Meas. Cell Time
- ||.|_h Sync. Error < 20ns

-20ns 20ns

IEEE J_PEJ\!C'

ETH:zurich 7,

THCHNGLOGY RRIDGE
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Construction of Modular
Converter Systems

From Conceptualization to
Realization

ETH:ziurich
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» From Conceptualization to Realization (1)

m Actual Realization of a Modular MV Converter Systems — Complex Task e 5210 20 et o

Integration Technologies for a Fully Modular and
Hot-Swappable MV Multi-Level Concept Converter

IS 0 I’ati 0 n CO O rdi n ati 0 n & A UXi li a ry S u p p ly Didier Cottet, Wim van der Merwe, Francesco Agostini, Gernot Riedel, Nikolaos Oikonomou,

a
« Cooling * Mechanical Assembly &t i wias i LSS
* Control & Communication * etc., etc. o e, A et Vol ol O, R rgon, o Vel
* Hot-Swap gty el e
Contact: didier.cottet@ch.abb.com > 25 Authors (!)
m Example: MV Modular Multilevel Converter Presented by "‘\HBIB (2015) [Cottet2015a]

[Cottet2015b]

< 2 Single-Phase MMC in Back-to-Back Configuration

448 Cells

Top Left Brancl
Top Right Bran:

Load
Inductor

DC Power Supply
()
N

v

PEBB y W . converter

Imgs.: W. van der Merwe

Phase Left Phase Right EE
ase Lef ase Rig! Hin’:n‘fJ_PEAM

ETH:(rich N, N
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» From Conceptualization to Realization (2)

m Actual Realization of a Modular MV Converter Systems — Complex Task

Integration Technologies for a Fully Modular and

PCIM Europe 2015, 19— 21 May 2015, Nuremberg, Germany

. . . o2 Hot-Swappable MV Multi-Level Concept Converter

. L d e Auxiliary Suppl

Iso at] 0 n CO O r ] n at] 0 n r.y p p y Didier Cottet, Wim van der Merwe, Francesco Agostini, Gernot Riedel, Nikolaos Oikonomou,

O Andrea Ruetschi, Tobias Geyer, Thomas Gradinger, Rudi Velthuis, Bernhard Wunsch,
e COO I.] n g e M eCh a n] Ca l. ASSE m b l_y David Baumannf Willi IGerig‘);’ranz Wildner, Virl‘o%h Sundalramo:rllhy, Enea Bianda,
. . t t Franz Zurfluh, Richard Bloch, Daniele Angelosante, Dacfey"Dzyng. )

° l ) L ABB Switzerland Ltd., Corporate Research, 5405 Baden-Dattwil, Switzerland

CO ntro & Co mm u n Cat] 0 n e C =4 e C Tormod Wien, Anne Elisabeth Vallestad, Dalimir Orfanus, Reidar Indergaard, Harald Vefling,
° Arne Heggelund, ABB Norway Ltd., Corporate Research, 1375 Billingstad, Norway

H Ot-Swa p Jonathan Bradshaw, DPS Ltd., Auckland 1010, New Zealand
Contact: didier.cottet@ch.abb.com

> 25 Authors (!)

m Example: MV Modular Multilevel Converter Presented by "‘\HBIB (2015) [Cottet2015a]
[Cottet2015b]

=

PEBB -

Hot swap bypass

= ___Power ___
--- Aux. power -- PEBB it | —\9

f.

---- Heat ----- ""jr_‘:_‘_‘_:_‘_'_:_'_‘_:_---‘
———Control —---=H | e
Electrical Cmmmmmmn] > PEBE circuit:
insulation Swap in 2 series connected
and out uniploar MMC cells
PEBB

Ylbranch A 24erms ISOL

Interface

.r EEE J_PEM

ETH:zlrich T
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» Modularity: Hot-Swapping at 24kV

m Example: MV Modular Multilevel Converter Presented by "“==== (2015) [Cottet2015a], [Cottet2015b]

m All Interfaces Must Support Modularity

Communication
(Wireless Optical)

Power ¥ Bypass Switch

(Air)

« Lab Test » 1000

900 soft release
Power 800 byp‘ass by!)ass
plugs 700 \ ¥ natural |
= V== ¢ re-balancing
= 600 f - |
£ s00 e N W
2 400 [ FalIN
‘\ = Fm_j / \
< 300 \
24kV Sw. Arc 200 pull-out ||| insert
PEBB PEBB
100
0
0 100 200 300 400

time [s]

{ EEE J_PEI'I

_ﬁ ADTMA

THCHNGLOGY RRIDGE
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» Advanced Integration Technologies

m Example: MV Modular Multilevel Converter Presented by "“==== (2015) [Cottet2015a], [Cottet2015b]

m IPT for Auxiliary Power Supply m Two-Phase Cooling

Primary coil

L 4

m Wireless Optical EtherCAT Comm. m Solid Isolation of PEBBs

PCB hole for emitting diodes PCB hole for receiving diodes

Inner shell Groove
metallizaion metallizaion

Shield for
receiver
circuit

— Actually Building an SST is a Multi-Disciplinary, Highly Complex Task!

IEEE J_PEAM

ETH:zlrich e
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Testing of MV Converters
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» Infrastructure

m Significant Planning and Realization Effort
m Power Supply / Cooling / Control / Simulation (Integrated)

| DANGER |
HIGH VOLTAGE

AUTHORIZED
PERSONNEL ONLY

V7 7 7 7 7 7 7 7 7 4

Img.:Center for Advanced Power Systems / Florida State University

m Large Space Requirement / Considerable Investment (!)

”S'EL"J_PEM
e FR

THCHNGLOGY RRIDGE

ETH:ziurich
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» Infrastructure Examples

m Medium-Voltage and High-Voltage Testing Facilities & Experience

P T S l—r k

e —

Imgs.: [Cottet2015b] 60KV Flashover Img.: High Voltage Lab, ETH Zurich]

m Source/Sink for 100s of kW m Or Back-To-Back Testing Concepts — Complexity

LV Bridge <:| MV Bridge
g S ) .

400v| _L_ % szﬂ
* I:)loss
i == 800V &=
‘"%‘%5 I @s 1 1:3
= S S5
=
(= | S«‘K}
Img.: electrical-engineering-portal.com = °
e s IEEE_LPEMC
ETHzirich iy

THCHNGLOGY RRIDGE
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» Measurement Equipment

m E.g., Switching Loss Measurements of HV SiC Devices

* Voltage Range vs. Accuracy/Resolution

e Skew
e Disturbances
0kV 51 o okvsic J%kv SiC °
Sluu— :l:t SLJH- S|]|n- S12|:1
l..'\(" ) | g
v l L L, * :: . Gls | T
AC 8kV DC Ut ;; - | "
(*) c 10 DB
SlJ"‘“ Sl-l é:t SOJH SZJ:} SZgJEj
10kV SiC . 10kV SiC 1.2kV SiC o
. . .
m Special High-Voltage Measurement Eq. Switch Node: 8kV at 50kHz ()

P 10kV SiC FET:
= A —
e

Img.: www.Tektronix.com

Img.: Cree Inc.

Circuit: ETH / [Rothmund2015]
ETH:zurich
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11 Key Challenges
Core Competencies

Handling of Medium Voltage
Topology Selection
Reliability

MF Isolated Power Converters
MF Transformer Design
Isolation Coordination

EMI

Protection

. Control

10. Construction of Modular Conv.
11. Testing of MV Converters

WONDILA WK

. IEEE | PEMC
ETHzirich .

THCHNGLOGY RRIDGE
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» Core Competencies for SST Design

m The 11+ Challenges Need to be Addressed by a TEAM

m MV and LV Power Electronics

m Transformers & Magnetics

m Mechanical Construction

m Isolation Coordination

» Developing and Actually Building an SST is a Multi-Disciplinary, Complex Task!

Img.: macrovector / 123RF Stock Photo IEEE  PEMC

ETH:(rich -A;-SJ—’\—-



SST Applicability In
Grid Applications

Grid SST Examples

Competing Approaches

Compatibility w. Existing Infra-
structure

IEEE J_PEJ\!(?'

ETH:zlrich - .f-&,
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» UNIFLEX Project (1)

m EU Project (2009)

Port 1 Port 2
33kv —#——  UNIFLEX —#—— 33KV

& ij:s o &
vy

m Advanced Power Conv. for Universal and Flexible Power Management (UNIFLEX) in Future Grids
m Cellular 300kVA Demonstrator of 3-Port Topology for 3.3kV Distr. System & 415V LV Grid
Connection

l:l ] ,»;F*@

[Watson2009]
IEEE | PEMC

ETH:(rich &-
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> UNIFLEX Project (2)

m EU Project (2009)

DC link 1 DC link 2
b e
AC side T T AC side
<X <} 3
]
H-bridge DC-DC converter H-bridge
cell with MF transformer cell

m AC/DC-DC//DC-DC/AC Module (MF Isolation, 1350V DC Link) and Prototype @ Univ. of Nottingham

[Watson2009]
IEEL"J_PEM
no _2;5_ anra

THCHNGLOGY RRIDGE
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» SiC-Enabled 1MVA/20kHz Solid State Power Substation (1)

m Das (2011)

m Fully Phase Modular System

m Indirect Matrix Converter Modules (f; = f,)

m MV A-Connection (13.8kV, 4 Modules in Series)
m LV Y-Connection (465V/¥3, Modules in Parallel)

-~
N
N
—
AN

=

N
N
——

N

m Comp. to 60Hz: 25% Weight / 50% Volume Reduction @ 97% Efficiency

[Das2011]

.r EEE | PEMC

ETH:(rich &
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» SiC-Enabled 1MVA/20kHz Solid State Power Substation (2)

m Das (2011)

Fully Phase Modular System

Indirect Matrix Converter Modules (f; = f,)

MV A-Connection (13.8kV,, 4 Modules in Series)
LV Y-Connection (465V/v'3, Modules in Parallel)

ttttt

E
—_—

-
N
N
e
N
=~
N
N
——
— N4
L _I_\_
v~_.____<

—

m Comp. to 60Hz: 25% Weight / 50% Volume Reduction @ 97% Efficiency

[Das2011]

{Eb E J_PEJ\!(:,'

ETH:zlrich )
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Competing Approaches: Isolation

”S'EL"J_PEM
e FR

THCHNGLOGY RRIDGE
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» Grid Application Task No. 1: Isolation & Voltage Scaling

m Typical Grid Application: MVAC // LVAC
m Low Frequency Transformer — SST

* No Significant Efficiency Gain of Magnetic Transformer
* Additional Conversion Stages Generate Additional Losses

fg,Mv f=fg fg,Lv =fg,Mv
O LATE] ]
Viy ; g Viv = NVwy
O O
fg,MV f>>fg fg,LV =fgfLV
o— —o

AC /1 DC 1k AC /1 DC _ %
Vi Viv = Viy
"™ 1 /dc |LAc E g:: nC || /Ac |

— Remember “Efficiency Challenge”

ETH:ziurich

Losses

SST

— LV DC/AC

LV MFAC/DC

—Transformer

MV DC/MFAC
—MV AC/DC

AC/AC

LFT

IEEE | PEMC
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» Task: Isolation & Voltage Scaling

m The Competitor: 1000kVA LF Distribution Transformer

 Standard Off-the-Shelve Products
* Typically Liquid Filled (0il): Isolation, Cooling

5000 T 6
— 4000 | B
2 g Eap
= £
22000 =,
g g 2
1000 = g
0 i i i 0 = i : ; i
0 1000 2000 0 1000 2000
Rated Power [kVA] Rated Power [kVA]

Source: ABB

m Averaged Data from Different Manufacturers

LFT
Efficiency 98.7 %
Volume 3.43 m3
Weight 2590 kg
Material Cost 11.3 kUSD

IEEL"J_PEM
e FR

THCHNGLOGY RRIDGE
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» SST vs. LFT Quantified - MV Side Modeling

multilevel output

J,"l 'f‘hnﬁvo ltage

MV phase stack

. 500 kVA LV converters
800VDC ——— pChus

m Filter Inductor Pareto Optimization

100

Efficiency [%]
O
O
O

99.8

10 15 20 25
Power Density [kVA/L]

>1100

1000

800

600

nc

1.1 kv
IL

MF transformer

[asn] 350D “1eW

DC

1.1 kV

m Cabinet Modeling Based on Empirical Data

"

MV LY

l

800 Ve

Enclosed Vol. [m?]

m Material Costs: High-Volume Component Cost Models [Burkart2012]

ETH:ziurich

=)
v

m Fully Rated 80kW Converter Cell Prototype

2000

=]
—1000

148/198

Enclosed Vol. [m?]

.r EEE J_PEM

EN
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» SST vs. LFT Quantified - LV Side Modeling

e Multilevel output
o ‘333.. voltage

m Pareto Optimization of Standard 500kVA Inverter/Rectifier

— A MV phase stack
S I.EMI —B «
2 fitter| c
400 V 8§0VDC \Z(;Obt\sm LV converters
99 ; ; ; 6
* (Calculated Results (Losses, Volumes) Max. Efficiency Design
| )
i S i : 5=
* Good Agreement with Specs of WS OOy, =
- 5 0 = : : i =
Commercially Available Active S = = 4
i : o
Frontend Converter _§ % Max. Power Density D'esign/ 3 £
£ | =
L ; 00 £
07,5 by @ @ QLT N
O O Min. Cost Design 2 g
| Z
1

97 z : : i
0 0.2 0.4 0.6 038 1
Power Density [kVA/L]

Tr.'f.l; E | PEMC

ETH:(rich &-
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» SST vs. LFT Quantified — AC/AC Conversion

m AC/AC SST = SST MV + 2 SST LV

SST

Losses

LFT

AC/AC

ETH:ziurich

LFT AC/AC SST
Efficiency 98.7 96.3 %
Volume 3.4 2.6 m?
Weight 2590 2600 kg
Material Cost 11.3 >52.7 kUSD

>

Efficiency Challenge Confirmed
by Quantitative Analysis

{ EEE J_PEAMF“

P
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» SST vs. LFT Quantified — AC/AC and AC/DC Conversion

m AC/AC Application m AC/DC Application
|| ¢
—3lle™ — 3l ~1AC /T
- ” . o ||§I nc| D¢
|| ¢

m Lower Volume
m Lower Weight

m But: Higher Costs

2 \ m Higher Efficiency

— o 3 — Could Be Used to
o|AC ¢ /- 4+ Losses oJAC Z | 4 1 Losses Improve LV Rect.
O— AC f—=0 O—i AC S
oJAC ACI= iz | B¢ Efficiency!

DC DC

Further Reading: ETH / [Huber2014b]
IE.EEJ_PEMC

ETH:zlrich )
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Competing Approaches: Control
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» Controllability As Unique SST Selling Point?

153/198

m SST Is Not Competitive If Only Isolation & Voltage Scaling Are Required!

m Added Value: Commonly Envisioned SST Features

f>>fg

fomv
—ac_/Hbc
Vi

"W 1 bcld /ac

n

f

fg,LV =f gva
—o

N

AC
DC

DC
AC

%
Viv = Vv

—o

i

Controllable Power Electronics

Reactive Power Compensation
Voltage Regulation

Active Filtering

Power Flow Control

Fault Current Limiting

DC Interface (e.g., Energy Storage)

m Alternative Approaches To Provide These Features? — Several Examples In The Following!

m Is It Necessary To Process The Full Power Flow With The Controllable (Less Efficient) Stage?

ETH:ziurich

IEEE | PEMC
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» Voltage Band Violations in the Distribution System
m Voltage Band Specified by EN 50160: £10%

m Limits Renewable Power Infeed on LV and MV Level
* Max. 3% Voltage Increase on LV Level
* Max. 2% Voltage Increase on LV Level

110 kv 20 kV 20 kV 04KV 0.4 KV

; . . Local grid .
Substation Medium-voltage grid 'g Low-voltage grid

= station -
= Maximum
£ 0% +10% Outside the voltage band feed-in
::_',_‘ +
2
E 2% voltage rise from feed-in J

1 50 3% voltage rise from feed-in
g.)
| =
£ 0% \
s
§ o 50 voltage drop 500 voltage drop
v
[}

S -10% Qutside the voltage band Maximum
Source: Maschinenfabrik Rheinhausen GRIDCON Brochure

load

m Grid Expansion Becomes Necessary Even Though Equipment Capacities Are Not Exhausted
m SST Can Control Voltages — But So Can Voltage Regulation Distribution Transformer (VRDT), etc.

.r EEE J_PEM

ETH:zlrich &
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» Voltage Regulation Distribution Transformer

m LFT Extended By A Controlled Automatic On-Load Tap Changer
* Up to 9 Positions, e.g., 4 x 2.5%
* Up to 700000 Switching Transitions
 LFT Efficiency & Robustness!

: E _— VROT
MO kV 20 kV 20V 0.4 KV 0.4 KV

. . . Local grid .
Substation Medium-voltage grid station Low-voltage grid _
z Maximum
< +10% Outside the voltage band ey
= +10%
g
E
© 5% / Do ard
[ =
g equiatio
o
< 0%
£
e Hi
s 2% regulation of bandwidth for transformer b
S -5% S
B pward
e
=) 4| dll0
-10% hh
-10% Outside the voltage band Maximum
Source: Maschinenfabrik Rheinhausen GRIDCON Brochure load

m Max. 11% Voltage Increase on LV Level
m Max. 13% Voltage Increase on MV Level

. IEEE_LPEMC
ETHzurich e P e
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» Distribution Voltage Regulators

m Available for MV or LV Systems m Mechanical Solution: Auto-Transformer With
m Easy Retrofit (No Modification of Existing LFT) Tap Changer

m Typ. Regulation +10% in 32 Steps of 0.625%
m Comparably Slow (Several Seconds)

m Voltage Symmetrization (Three 1ph-Units)

I

|
b

—_—
100A ma 100A
1

20kV
20 kV
04 kY T
M
2
B
Z._q
204 '

Source: SIEMENS Voltage-Regulator-Catalogue
=1
E 30 km 20 KV I smml5 é I P\;;!\km- "
(Q>| 8 @:a
: ; —

Y +dU

g
Spannungsverlauf 0,4 kV bei Einspeisung A

i Spannungsverlauf 20 kV bei Einspeisung :

Spannungsverlauf 20 kV bei Bezug | Spannungsverlauf 0,4 kV bei Bezug (Belastung)

% -dU
Source: www.walcher.com

IEEE J_PEAMC

ETH:zlrich &
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» Active Series Voltage Regulators

m Protection of Sensitive Industrial and Commercial Loads from Voltage Disturbances
m Power Electronic Solution: Converter With Injection Transformer

~N

Continuous & Fast Voltage Regulation
Correction of Voltage Sags, Unbalances,
Surges, and Phase Angle Errors > m Typical Features Envisioned For SSTs (!)
Harmonic Filtering )

Reactive Power Compensation / Power m But: Power Electronics Do Not Process The
Factor Correction Full Power Flow

Utility Voltage AVC Compensating Voltage Qutput Voltage

Input
Circuit

3-Phase sesker  PCS100 AVC Injection

s Transformer 3-Ph
Utiity F——C0)) 7z > TRE l_'\Loadase
supply A A V
Auxilliary l
\ Circuit
Breaker
N
I
N

Inverter &
Bypass

Source: ABB PCS100 Brochure

B . IEI:EJ_PEAM
ETH:(rich ,ﬁ,»\f;g,
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» Reactive Power Compensation

m Static VAr Compensation

Switched Capacitor or Reactor Banks

ya

< . —> s
capacitive inductive

ETH:ziurich

158/198

m STATCOM
Power Electronic Converter

o \ d O

Ig

Additional Features

» Improved Power/Voltage Quality

* Voltage Regulation

» Compensation of Harmonics,
Flicker, etc.

AC

n

control range

ya

S ) —>is
capacitive inductive

IEEE | PEMC
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» SST vs. LFT + STATCOM

m SST’s VAr Capability Depends on Active Power Flow!

m Or: SST Max. Reactive Power Capability Is Limited By Active Power Demand

SST

Q/Sy

P/ S

’ BDEW Req.

" Derating Due To

Voltage Reserve
Limitations

inductive/
underexcitated

capacitive /
overexcitated

STATCOM Ratings

STATCOM + LFT,

m SST Provides Complete Decoupling of Reactive Power Flow of MV and LV Grid
* No Propagation of Disturbances
* Different STATCOM OPs in MV and LV Grid

ETH:ziurich

F/Sx

159/198
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» Hybrid Transformers: Combinations of LFT and SST

m Shunt m Series m Combined
Reactive Current Injection Reactive Voltage Injection
* Power Factor Correction * Phase Shifting * Power Factor Correction
* Harmonic Filtering * Voltage injection * Harmonic Filtering
* Flicker Control * Flicker Control
* AC Regulation
* Phase Shifting
l Vv E E
Vv ' o Vv a1 |V Vi ] Viv
L‘AC 1 DCl T 'g:Ac 1710C
b} T - ° oc| T 1 ac] !
* Isolated DC Port
E l Viv
Vv o » Fractional Power Processing
'g:AC 1 — Power Electronics Processes Only A Fraction Of The Power
DC} T And/Or Voltage

[Bala2012], [Burkard2015]

IEEE J_H:‘MC
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Compatibility w. Existing Infra-
structure

IEEE | PEMC
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» Grid Protection Schemes
m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed / Safety / Reliability
* Selectivity: Only Closest Upstream Breaker/Fuse Should Trip to

Isolate Faults Quickly
- Different Trip Current Levels

Current
Selectivity ~ Time Selectivity i

- Different Time Delays ' E\
Overload Short-Circuit e o —
£ |10 kv
A
Ke ¥ % " = -
s} e, g
‘E = X 4
= = o.
= = v
5 2 400 V[ £
— x— =
£
= o3
17
=

Current, logarithmic [A]

/'

m Certain Overcurrents Required To Trip Fuses And/Or
Breakers |: \

Imgs.: ETH / [Guillod2015]

<

f, EEE J_PEAM
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» Tripping of LV Side Fuses

m Example: 400V Fuse for 630kVA Transformer

A 10  — e e e e | ———— | e e e e e e
—— s e e 1 | | o L [ moossa0 [
w C 1 T T L B B A Y LT A S RS \\ I‘ LI \‘ \‘ I\ L
el |
o [ Hours (1) @ 1.5 x I, DR
¥ E w SR VIR W AN
] t Y e o v w1 S —
= Y e e A e —
Y L WY LVBLYERY LY B WA
s \ \\ \ A 3\ \ 3\ \\
550w \ ¥ \ \ X \ X
55 RN PSSP T SR 5w
gg EAR A A A T R AR A S
il \ N\ \
LR \C \ s Sm el
X N i3 -y
LY A} AY LY WA
ALY LWL WA A WA Y
\ Y \WAWAY
\ AN \
. A\ \
c Y i e v i WA
E LY \ LW AVEN LI
W e ,0.25@10XIN VPR VR \
o /| 9 =
n .r:
nl ). b J‘ 10 \ \ \ \
) . i NH- NH- NH- v \ e e ANAN \“\
= = A} \\ LY \\ A |§\\ AY \\
s - i 3
3 o gG 1 eG | oG AN WEAVENE) ANV
% —— \
S 10% e e ——
e e N ' \ SIS,
A} AN N AN SIS,
X AN AN
10! 2 3 4 56 8 10° 2 3 4 56 8 10° 2 3 4 56 8 10¢ A 2 3 4 56 8 10°

Current [A] »
m Very High Short-Circuit Currents Required To Trip Fuses = No Problem for LFT!

m But Not Possible With Power Electronic Converter (Semiconductors!)

.r EEE J_PEM

mzurich Photos: http://www.openelectrical.org/ o
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» Alternative Protection Schemes

m SST Can Limit Its Short-Circuit Current
m Load Switches (# Breakers!) Could Be Used To Isolate Faults

MS1
i
Load Switches
: : 1
: A
[] NH-gTr(-gQG) 9 . 6 m
400V

. 4
[I] NH- [] NH- [l] NH- h]
' 5
: gG : &G : g E
Load

m Integration of SSTin Existing LV Distribution System Remains Challenging
m Communication Between (Protection) Devices Becomes Essential

m SST Requires a “Smart Grid” — Coordination of Protection Relays

IEEE | PEMC
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» SST Grid Integration

m SST Requires A Controlled Environment On Its LV Side
m SST Is Thus Not a Direct Replacement For A Distribution LFT!

Protection
Relay Triggering

Novel Protection Schemes

Micro Grid Can Act as a “Virtual Power Plant”
DC Distribution

Etc.

|
|
i

¢ l L
o sst e

il s S
MV Utility Grid - _—_i/

| Utility Control Center | |}y wicrogrid (AC and/or DC)

m Comparison: Traction Application

15 kV 1ph

[ — Locomotive Is A User-Controlled,
i IH4ES A4 Self-Contained Environment!

(,o‘ ) 1 kV 3ph
IEEE | PEMC
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Applicability
DC-DC Applications

No Alternatives!
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» Example: DC Collection Grids for Offshore Wind Parks

Onshore substation

é; \ kg %) m St m 50kV,  Offshore Collection Grid

v IHvpc,enshore! 5] 400kV Onshore AC
HVDGenshore | /Ac ransmission m +320kV,. HVDC Transmission to Shore
HVDC export cable T | }
700MW , # 320kVpc I ‘ L.
800mm?, 100km i
Y S Offshore substation | .
i F imvoconsmors . m £50kV,. / £320kV,. Offshore Substations
! . Vhvbc offshore ! DC DC
| Tvectomert | \ . | with M2LC-Based MF Isolation and
! 250MW, DG 250MW, DC 250MW, DC, ‘
i 320kVpe/ £50kVoc | /D £320kVpe/ 250kVoc | /D £320KkVpc/ £50kVoc | /DC i Step'U p Stage
! iMVDc1,offsh0ret ( Vivoer L { !
,,,,,,,,,,,,,,,,,, |

i PP dluster 1| 4 oy, 2320A £ SOkVDc 24OOAT £50kVpc |
| |
| |
| |
| |
| |

7x8MW 7x8MW 7x8MW 8x8MW 7x8MW 7x8MW 7x8MW 8x8MW 7x8MW 7x8MW 8x8MWY, 8x8MW.
WT WT WT wT wT wT WT wT wT wT

()

m Series Resonant Unidir. DC = MVDC v e 1 gt P=10MW Press Pack Di, 6K/ 7008
Conversion in the Individual Wind iR —— Y -
Turbines

3x26[uF]  750/3[uH]

12 kv_

m Transformer Frequency Can Be + A

Freely Chose T

3 x Inverters e

—_— | .

. L [Kjaer2016]
IEEE | PEMC
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» Example: MEGACube @ ETH Zurich (1)

m Total Power 1 MW ( MOd‘ll\lfvls_d . S
/. 1cde /. 1de
m Frequency 20 kHz — Transf.
m Efficiency Goal 97 % S .
:% Dﬂ]; S L S S “é
=t

ot Upe
Il
Il
!
R
=
=
N
T Upery
1200V

S, £
> &
Module 2
3 i
X
=~ Module 3 T—
J
Module 4

Module 5

Module 6

m MV Level 12.0 kV
m LV Level 1.2 kV

«I—isi—lwi—lni—lni—lﬁ

[0rtiz2010], [Ortiz2013c]

IEEE J_fv'EM
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» Example: MEGACube @ ETH Zurich (2)

m Dual Active Bridge DC-DC Converter Stage
m Module Power 166 kw

m Frequency 20 kHz

m Triangular Current Mode Modulation

NPC-based bridge MF transformer Mixed fullbridge

2kV

400 V

800
600
400
200

Voltage [V]

Current [A]

-200
25

Time [ps]

A 166kW / 20kHz TCM DC-DC Converter A Structure of the 166kW Module and
(Ortiz, 2013) MV Side Waveforms
[Ortiz2013c]

e . H:'I:EJ_PEAM
ETH:zlrich &S
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» Example: MEGACube @ ETH Zurich (3)

m HC-DCM SRC DC-DC Converter Stage
m Module Power 166 kW
m Frequency 20 kHz
m Medium Voltage Side 2 kV >
m Low Voltage Side 400V '

r
L beLv

l’l‘ll(‘ MV

1000

500

0

Voltage [V]
o

a N
S o
S ©

Current [A]

-500

: -1000 4
0 10 20 30 40 50 60 70 80 90 100 110
Time [ps] ETH / Ortiz, Leibl, Huber

e . H:'I:EJ_PEAM
ETH:urich g
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SST Applicability In
Traction Applications

Traction SST Example
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (1)

AL D HD
FRIPEP PETT

11 — CAlENECY PETT
| D U_]] ceta I.. (2 0 1 1) Pantograph 15KV 16 2/3 Hz Power Electronics Traction Transformer : Legend:

HV PEBB's LV PEBB's | B.5KV200AIGBT

, ., Shot  app LRC e . i
L ine si d e gg}lit (hetve Fror {0 se e Re_?::'?nt {Mater side of M OtOI‘ S d e :

s End) Rezanant Converter)

m Steiner  (1996)

m Heinemann (2002) £ e B PR
‘”—‘E ;l-_ H -7 f 2 Dbr:ﬂhnl
Earth discpn. de_pos M
mcs
= Udc o LS ||' Controlied
Il'_aﬁlm 15Dﬂ\l’£{:- *JT{ oM L=
e |T-~ M L =
=3 Y »> IJu; o6 -
P=1.2MVA, 1.8MVA pk. . §~ ) A —
9 Cells (Modular) : T

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

[Dujic2013] & [Zha02014]
Jﬁ'hk'J_PEM

ETH:zlrich 555
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (2)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer (PETT)

* Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages

Catenary

MV LF AC MF AC

|

T3 G1
— H
e |
@ @ —=
T T o
- Cell 1 i
Cell 2
! N
Celi N pall
5 Rail 0 0.2 0.4 0.6 08 1.0
PET topology with cascaded H-bridges and e
resonant (LLC)DC-DC stages. [Dujic2013] & [Zha02014]

o Img.: [DU_]]C2011] IEEE | PEMC
ETHzurich IS
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (3)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer (PETT)

* Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages \

1250

L1250 Feeeeeeenans

3000 F+--

2000F-=

1000 f--of

0 0.2 0.4 0.6 0.8 1.0
Time [ms]

[Dujic2013] & [Zha02014]
Jﬁ'u:'J_PEM
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (4)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer (PETT)

* Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages

ETH:ziurich

98

96

94

92

90

/ === e  (Qperating with 9 levels

= QOperating with 8 levels

1 H 1 1

0 200 400 600 800 1000

Output Power [kW]

[Dujic2013] & [Zha02014]
IEEE J_PEMC
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» “Efficiency Challenge” (Qualitative)

m No Weight/Volume Constraints m Weight/Volume Constraints
LFT
2 2 LFT —LV DC/AC
SST SsT
—LV DC/AC
% U sst SST
1 LV MFAC/DC — LV MFAC/DC
LFT Transformer —Transformer
—MV DC/MFAC MV DC/MFAC
MV AC/DC MV AC/DC
AC/AC AC/DC AC/AC AC/DC
e e
Typical Grid Application Typical Traction Application
m SSTs in Grid Applications — A Skeptic’s View m SSTs in Traction Applications
e Efficiency of LFT for AC/AC Very Hard To Attain  SST Shows Efficiency Benefits for
* Weight/Volume Typically Not an Issue In Applications with Volume/Weight
Stationary Grid Applications Constraints!
* Robustness, Reliability?
* Cost?
e H:'I:L"J_PEM
ETH:zurich
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» SST Applicability: The Road Ahead

ETH:ziurich

m Grid AC-AC

m Efficiency Challenge

m Controllability Can Be Provided By
Alternative Approaches
* More Efficient (e.g., Tap Changers)
* Partial Power Processing

m Compatibility Issues With Existing
Infrastructure (e.g., Protection)

m Cost, Robustness, Reliability Issues

m Grid AC-DC

m Efficiency Challenge More Balanced
m Self-Contained Applications
(e.g., Datacenter DC Distr.)

m Cost, Robustness, Reliability

178/198

m DC-DC Applications

m Isolation Stage Frequency Is A
Free Parameter

m Future Applications, e.g. MV DC
Collection Grids for Wind/PV

m Weight/Space Limited Appl.

m Medium Frequency Systems Offer
* Weight/Volume Reduction
AND

* Efficiency Improvement

m Typically Self-Contained Environ-
ments On One Side Of The SST

m Several Industrial Prototypes, But
So Far No Products

.r EEE | PEMC
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[EEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 NO. 4, JULY/AUGUsT| 1971 & 1 9 7 1 451

The Thyristor Electronic Transformer: a Power

Converter Using a High-Frequency Link

WILLIAM McMURRAY, SENIOR MEMBER, IEEE

“Initial Use May be Found in Special Applications where Cost

and Efficiency are Secondary to Size and Weight.”
W. McMurray, 1971

CoONCLUSIONS

thyristors. Thus practical application of the electronic

& transformer is dependent upon further circuit develop-
ment and component improvements. Initial use may
be found in special applications where cost and efficiency
are secondary to size and weight.

M\l
=
~5

Fig. 5. Double-bridge electronic transformer; arrows define positive
polarity of voltages and currents.

IEEE | PEMC
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» Subsea Applications: Oil & Gas Processing (1)

Img.: matrixengineered.com

m ABB's Future Subsea Power Grid — “Develop all Elements for a Subsea Factory”

IEEE | PEMC

ETHziirich .
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» Subsea Applications: Oil & Gas Processing (2)

m Future Subsea Distribution Network (Devold, ABB, 2012)

e Today ongoing Future |
-
o}
©
@,
Qo
@
—
. w
O&G processing g
Platform/floaters Stbses Farmsen Egmisﬁm 3
based ey
Power supply DC-DC SST
Platform based power Lona distarce bower
generation or power gfrom shorz
from shore IE:EF.:: .

ABB investing in subsea electrification & automation

solutions to enable future subsea processing (:D
=3
(/]
(1]
.. Q
m Transmission Over DC, No
Step-down
Platforms/Floaters trantormer
. . High
m Longer Distances Possible spesd g

m Subsea 0&G Processing

m Weight Optimized Power Electronics

.r EEE J_PEM

ETH:zlrich N
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» Airborne Wind Turbines

m Power Kite Equipped with Turbine / Generator / Power Electronics
m Power Transmitted to Ground Electrically
m Minimum of Mechanically Supporting Parts

D
%)MAKANI POWER GOOSIQ’”X

In oparation, the wing flies
in acircular path at an
altitude of 400 m.

ETHzirich o
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» 100kW Airborne Wind Turbine (1)

m Ultra-Light Weight Multi-Cell All-SiC Solid-State Transformer — 8kV,. — 700V
e Medium Voltage Port 1750 ... 2000 VDC

* Switching Frequency 100 kHz

* Low Voltage Port 650 ... 750 VDC

* Cell Rated Power 6.25 kW

* Power Density 5.2 kW/dm?3

* Specific Weight 4.4 kW/kg  Airbome Wind Turbine (AWT)
- 4 i
T@-Z Z E : 11'paB [ <
l @=Z - dc-dc I Voo 1 :| V.
v ! 2"DAB 2

750 v | + 8.0 kV
: rd '
3’ DAB | 69kv

— =
i
N
+
)|
X
3.
<
1

4"DAB

Q
N

Q@
N N

G
N

v, Vv, mains
+

Q
N

ETH / [Gammeter2015]

.r EEE J_PEM
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» 100kW Airborne Wind Turbine (2)

m Ultra-Light Weight Multi-Cell All-SiC Solid-State Transformer — 8kV,. — 700V
e Medium Voltage Port 1750 ... 2000 VDC

 Switching Frequency 100 kHz
* Low Voltage Port 650 ... 750 VDC
* Cell Rated Power 6.25 kW
* Power Density 5.2 kW/dm3  o—pr—mm—
* Specific Weight 4.4 kW/kg u:;J

Ll‘l b Rfl b

V, == C,.

@ insulation
LV heat sink \ ”\

 trans. ‘.msi 98 l
ind. heat sink ;\c 95 |—
g R i —e-V, =750V ]
,3 89 — ——V, =700V —
Eﬁ R6 — ==V, =650V —
fans —= MV heat sink 83 I | I | |
0o 1 2 3 4 5 6 7
power / kW
ETH / [Gammeter2015]
. IEEE | PEMC
ETH:zurich S
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» Future Hybrid or All-Electric 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)
m Until 2050: Cut C02 Emissions by 75%, NO, by 90%, Noise Level by 65%

. IEEE_LPEMC
ETHzurich e P e
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» Future Hybrid Aircraft

Wing-tip mounted
superconducting
turbogenerators

High-speed
generator —

187/198

Source:

Superconducting-motor-driven
fansin a continuous nacelle

Fan-speed
HTS ) motors = Distributed
electrical K fans
bus §i Power i \
! converter
. et 8 G
B
aF—
Cryo {
cooler(s) ! ) - 9
l
Cryo !
cooling ~

m NASA N3-X Vehicle Concept using Turboel. Distrib. Propulsion

m Electr. Power Transm. Allows High Flex. in Generator/Fan Placement

m Generators: 2 x 40.2MW / Fans: 14 x 5.74 MW (1.3m Diameter)

m Potential SST Application: Supply of LV AC or DC Loads From MVDC Bus

ETH:ziurich

Other
applications

Ib‘EEJ-PEAM
e FR

THCHNGLOGY RRIDGE



IER oty e e 188/198

» Future Naval Applications (1)

MVDC
* Further Size/Weight
Reduction
» DC-DC SSTs

HFAC

(High-Frequency AC)

USS Zumwalt * Reduce Size/Weight

Img.: US Navy, CC BY 2.0 of Equipment

[Doerry2009]

ETH:zlrich )
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» Future Naval Applications (2)
m Cellular MV DC Power Distribution on Future Combat Ships, etc.
rrw o |
o
g Source:
- General Dynamic§
DD-963 DDG-51 FLT 11A DDG 1000 Future Combatant Notional
‘ Ml Propulsion  IShip Service & Mission Systems ‘ Electric Warship
Enerp_y ]l LOAD
Input
o || o Wi s [ ]
ihouah o pecicaly oA
depicted
LOAD |
1

m “Energy Magazine” as Extension of Electric Power System / Individual Load Power Conditioning
m Bidirectional Power Flow for Advanced Weapon Load Demand

m Extreme Energy and Power Density Requirements
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Conclusion & Outlook

SST Evaluation / Application Areas
Future Research Areas
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» SST Ends the “War of Currents”

' DC

DIRECT CURRENT ALTERNATING CURRENT

Electric charge periodically reverses direction and

The flow of electricity is in one direction only.
The system operates at the same voltage level
throughout and is not as efficient for high
voltags, long distance transmission

Direct current runs through

0 B

Battery-Powered  Fuel and Solar Cells  Light Emitting Diodes
D

evices

1858

Thomas Edison, the youngest In his
family, didn't learn to talk until he
was almost 4 years old.

Edison promised Tesla a generous reward If he could smooth 9

out his direct current system. The young engineer took on the
assignment and ended up saving Edison more than $100,000
(millions of dollars by today's standards), When Tesia asked
for his rightful compensation, Edison declined to pay him
Tesla resigned shortly after, and the elder lnventor spent the
rest of his life campaigning to discradit his counterpart

Thomas Edison

In order to prove the dangers of Testa's alternating
current, Thomas Edison staged a highly publicized
electrocution of the three-ton elephant known as
“Topsy.” She died Instantly after being shocked with
a2 6,600-volt AC charge,

LA: MAN OUT 0

Incandescent light bulb; phonograph; cement
making technology: motion picture camera
DC motors and electric power

is transmitted to customers by a transformer
that could handle much higher voltages

Alternating turrent runs throngh:
@

Radio Signals

2.8

Car Motors Appliances

|
N P2 7t

In 2007, Con Edison ended 125 years of direct

current electricity service that
Thomas Edison opened his power station in 1882
It changed to only provide alternating current.

1847

Milan, Ohio Smiljan, Croatia

Wizard of Menio Park Wizard of the West

Home-schooled and self-taught Studied math, physics, and mechanics at The Polytechnic Institute at Gratz

Mass communication and business Electromagnetism and electromechanical engineering

Trial and error Getting inspired and seeing the invention in his mind in detall before fully constructing it

DC (Direct Current) AC (Alternating Current) —_
- - resonant transformer circult; radio transmitter; y AN

fluorescent light; AC motors and electric

1093 power generation system

o
1

In 1915, both Edison and Tesla were to recei
Nobel Prizes for their strides in physics, but uitimately, neither won.
It s rumored to have been caused by their animosity towards each
ather and refusal to share the coveted award

d lonely and in debt in

1931 —Passed away peacefully in his New 19
Room 3327 at the New Yorker Hotel

Jersey home, surrounded by friends and famil

A COLLABORATION BETWEEN GOOD AND COLUMN FIVE

FLIGHTNING

Source: Column Five, http://magazine.good.is

m No “Revenge” of T.A. Edison, but Future “Synergy” of AC and DC Systems!
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» Key Messages #1/3

m Basic SST Limitations

Efficiency (Rel. High Losses of 2-4%)

High Costs (Cost-Performance Adv. still to be Clarified)

Limited Weight/ Volume Reduction vs. Conv. Transf. (Factor 2-3)
Limited Overload Capability

Limited Overvoltage Tolerance

(Reliability)

m Potential Application Areas

» MV Grid/Load-Connected AC/DC and DC/DC Converter Systems
» Volume/Weight Limited Systems where 2-4% of Losses Could be Tolerated

* Traction Vehicles
MV Distribution Grid Interface
* DC Micgrogrids (e.g., Datacenters)
* Renewable Energy (e.g., DC Collecting Grid for PV, Wind; Power-to-Gas)
* High Power Battery Charging (E-Mobility)
* More Electric Ships
* etc.
Parallel Connection of LF Transformer and SST (SST Current Limit — SC Power does not Change)
Temporary Replacement of Conv. Distribution Transformer
Military Applications

Img.: Marina Gallud / 123RF Stock Photo
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» Key Messages #2/3

m Advantageous Circuit Approaches

» Fully Modular Concepts

* Resonant Isolated Back End Topology (ABB)
* Resonant Isolated Front End Topology (Swiss SST)

“It is not the strongest of
the species that survives,
nor the most intelligent
that survives. It is the one
that is the most adaptable
to change.”

Charles Darwin

Redundancy (!)

Scalability (Voltage / Power)
Natural Voltage / Current Balancing
Economy of Scale

» Alternatives

* Single Transformer Solutions (MMLC-Based)
 HV-SiC Based Solutions (SiC NPC-MV-Interface)

IEEE | PEMC
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» Key Messages #3/3

m Main Research Challenges

Multi-Level vs. Two-Level Topologies with HV SiC Switches

Low-Inductance MV Power Semiconductor Package

Mixed-Frequ./Voltage Stress on Insul. Materials

Low-Loss High-Current MF Interconnections / Terminals

Thermal Management (Air and H,0 Cooling, avoiding Oil)

SST Protection

SST Monitoring

SST Redundancy (Power & (!) Control Circuit)

SST vs. FACTS (Flexible AC Transmission Systems)

System-Oriented Analysis — Clarify System-Level Benefits (Balancing the Low Eff. Drawback)

m SST Design for Production — Multi-Disciplinary Challenge

» Required Competences

MV (High) Power Electronics incl. Testing
Digital Signal Processing (DSP & FPGA)
MF High Power Magnetics

Isolation Coordination / Materials

Power Systems

etc.

» 50/60Hz XFRM Design Knowledge is NOT (!) Sufficient

Tomas Griger / 123RF Stock Photo
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» Waves of SST Innovations

=% 4. Wave K
_8 SST Applications ,*
© & Products
>
o L3
= 3. Wave Traction
— Single-Cell SST
Concepts U
2. Wave (HV-SiC) )
Modular SST Concepts and \
Prototypes for Traction .
(Si IGBTS, LV-SiC) 2. Wave (Grid)
1. Wave Appl. in Datacenters
MF Isolation Concepts », and Microgrids
for Tracti : "
(‘;; ;ﬁ:g 1. Wave (Grid) ’
y SST Concepts for Smart Grid
>
1970 2000 2015 2025
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» SST Technology Hype Cycle

Visibility

L

Peak of

Inflated

Expectations

AC-AC Grid Appl.

AC-DC Grid Appl.

Slope of
Enlightenment

DC-DC Appl.

. Plateau of
Traction Appl. productivity

Trough of
Disillusionment

Technology
Trigger

>

Time

m Different State of Development of SSTs for ~ — Traction Applications

ETH:ziurich

— Hybrid / Smart Grid Applications
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» SST for Future Grid Applications

SST
Research

Status

) Required for

Successful
Application
Img.:' www.diamond-jewelry-pedia.com
m Huge Multi-Disciplinary Challenges / Opportunities (!)
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Thank You!

Questions?

%

Source: Saddington Baynes /mar.com
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