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Schedule / Qutline

» Introduction
» Basic SST Concepts
» DAB and ZVS/ZCS of IGBTs
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» 3ph. AC/AC SST Concepts for Distribution Applications
» 1ph. AC/DC SST Traction Applications

» SST Design Remarks

» Conclusions / Questions / Discussion
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Introduction

Transformer Basics
_ Future Traction Vehicles -
Future Smart Grid
SST Concept
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» Classical Transformer - Basics

4/183 —

- Magnetic Core Material * Silicon Steel / Nanocristalline / Amorphous / Ferrite
* Copper or Aluminium
* Mineral Oil or Dry-Type

- Winding Material
- Insulation/Cooling

- Operating Frequency

- Operating Voltage

- Voltage Transf. Ratio
- Current Transf. Ratio
- Active Power Transf.
- React. Power Transf.

- Frequency Ratio

e Magnetic Core
Cross Section

e Winding Window Ay =

ETH

A

* 50/60Hz (EL Grid, Traction) or 162/, Hz (Traction)
* 10kV or 20 kV (6...35kV) - Distribution Grid MV Level (ug = 4...6% typ.)

* 15kV or 25kV
* 400V

* Fixed
* Fixed

* Fixed (P,=P,)
* Fixed (Q,=Q,)
* Fixed (f;=f,)
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- Traction (1ph., ug. = 20...25% typ.)
- Public LV Grid
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» Classical Transformer - Basics

Advantages

Relatively Inexpensive
Highly Robust / Reliable
Highly Efficient (98.5%...99.5% Dep. on Power Rating)

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

. P
* ConstructionVolume A_ A =2 =
ore g 4 k J B f
W* rms™ max
P, .... Rated Power

ky ... Window Utilization Factor (Insulation)
B...y-- Flux Density Amplitude

Jims--- Winding Current Density (Cooling)
f.. Frequency

* No Controllability
* Low Mains Frequency Results in Large Weight / Volume
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» Classical Transformer - Basics

- Scaling of Core Losses

Feo. fp( Fyv
(o7 )13oc1

C ore l

- Scaling of Winding Losses

P, ocI’'RocI?
s 1 KA
Pde OC;

Wdg

e Higher Relative Volumes (Lower kVA/m3) Allow to Achieve Higher Efficiencies
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Classical / Next Generation
Locomotives
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» Classical Locomotives

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

Battery

\ Ij“:’:) . Il Dz Liok | i
totor Blowers | ] LET
., ¥ Inverter
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Loco Cooling Fans
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Circuit
Misin Rectifier Breaker > Pantograph
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Compressor ]

e Transformer: Efficiency
Current Density
Power Density

ETH

[ ] N 4
Apilizry _ \ \\\
Rectifier a0 VAN Tormer / Sxe Brush  3-Phase AC Matars

3-P hase AC Motors Ireerter To other 3-phase |
AC motors .

90...95% (due to Restr. Vol., 99% typ. for Distr. Transf.)
6 A/mm? (2A/mm? typ. Distribution Transformer)
2...4 kg/kVA
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» Next Generation Locomotives

* Energy Efficient Rail Vehicles —> Loss Reduction  (would Req. Higher Vol.)

- Trends  * Distributed Propulsion System - Weight Reduction (pot. Decreases Eff.)
* Red. of Mech. Stress on Track —> Mass Reduction (pot. Decreases Eff.)

AC Catenary (15kV, 16%Hz or 25kV, 50Hz) AC Catenary (15kV, 167%Hz or 25kV, 50Hz)

LFT MFT

AR X kL

AC > DC AC; > AC,;  ACy:~> DC

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

e Replace Low Frequency Transformer by Medium Frequ. (MF) Power Electronics Transformer (PET)
e Medium Frequ. Provides Degree of Freedom - Allows Loss Reduction AND Volume Reduction
o EL Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid Appl.
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Future Smart
EE Distribution
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» Advanced (High Power Quality) Grid Concept
- Heinemann (2001)

Small Distributed

Generation Units
Set of Diswibured Resources g
\ / i )
H

A

Secondary Substation Sccondary Substation

,/_

e.g. Fuel cell
Small Distributed
Generation Units
N e o
{ : DC Loads
E LV DC-Link 7 } toption)
HV-Feeder I =
. F ' A [ A
— | b 1 |
| == o
L 3~ ] Proweered
| = A‘ﬁ | AC Loads
i ™ s S
) : i = |
¥ ’_' -ﬁA— .
! | Distributed Storage /~ | Normal AC
| | eg. Flywheel ) | Loads Office Buildings, Banks, Malls,
. | % = A Hospitals, Incusry....
i

i/ S
! Secandary Substation with MV/LV Power
! Elecmronics Transformer

' Conventional Secon-
J dary Substation

e MV AC Distribution with DC Subsystems (LV and MV) and Large Number of Distributed Resources
e MF AC/AC Conv. with DC Link Coupled to Energy Storage provide High Power Qual. for Spec. Customers
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» Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.

- Huang et al. (2008)

IFM = Intellig. Fault

e SST as Enabling Technology for the “Energy Internet” Management

COMM
Grid

- Integr. of DER (Distr. Energy Res.)
- Integr. of DES (Distr. E-Storage) + Intellig. Loads \
- Enables Distrib. Intellig. through COMM i

[ |
3 — O
ore . <
- Ensure Stability & Opt. Operation Zl_ it £ Ji
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e Bidirectional Flow of Power & Information / High Bandw. Comm. = Distrib. / Local Autonomous Cntrl
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» Smart Grid Concept

Borojevic (2010)

e Hierarchically Interconnected Hybrid Mix of
AC and DC Sub-Grids

- Distr. Syst. of Contr. Conv. Interfaces

- Source / Load / Power Distrib. Conv.

- Picogrid-Nanogid-Microgrid-Grid Structure

- Subgrid Seen as Single Electr. Load/Source

- ECCs provide Dyn. Decoupling

- Subgrid Dispatchable by Grid Utility Operator
- Integr. of Ren. Energy Sources

e ECC = Energy Control Center

- Energy Routers
- Continuous Bidir. Power Flow Control

- Enable Hierarchical Distr. Grid Control
- Load / Source / Data Aggregation

- Up- and Downstream Communic.

- Intentional / Unintentional Islanding
for Up- or Downstream Protection

- etc.
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» Future Subsea Distribution Network — 0&G Processing

- Devold (ABB 2012)

e | ongong | [T
al
©
§ @
Q
o
—
0O&G processing g—
Platform/floaters Stbsea e - 9‘
based @
Power supply
Platform based power L ong distance power
generation or power A
from shore 'c-:];‘g:"
ABB investing in subsea electrification & automation
solutions to enable future subsea processing * g)
o
o
e Transmission Over DC, No Platforms/Floaters ®
e Longer Distances Possible
e Subsea 0&G Processing SR
High
. . e . Epeed
e Weight Optimized Power Electronics machine \——
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» SST Functionalities

e Protects Load from Power System Disturbance

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

e 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 & Output Short Circ.

e 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

High Efficiency

No Fire Hazard / Contamination

ETH
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» Terminology

McMurray
Brooks
EPRI

ABB
Borojevic
Wang
etc.

ETH
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Electronic Transformer (1968)
Solid-State Transformer (SST, 1980)
Intelligent Universal Transformer (IUT™)
Power Electronics Transformer (PET)
Energy Control Center (ECC)

Energy Router
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» Basic SST Structures

e Power Conversion

Three-Stage Power Conversion with MV and LV DC Link

Two-Stage Concept with LV DC Link (Connection of Energy Storage)
Two-Stage Concept with MV DC Link (Connection to HVDC System)
Direct or Indirect Matrix-Type Topologies (No Energy Storage)

MV Grid

e Realization of 3ph. Conversion

- Direct 3ph. Converter Systems
- Three-Phase Conn. of 1ph. Systems
- Hybrid Combinations

e Handling of Voltage & Power Levels

- Multi-Level Converters / Single Transf.

- Cascading / Parallel Connection of Modules
- Series / Parallel Connection of Semicond.

- Hybrid Combinations

LV Grid

e Medium Freq. Required for Achieving Low Weight (Low Realiz. Effort) AND High Control Dynamics

1EEE POWE!
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» Challenges of Semiconductor Control of

Distribution-Class Devices

Heydt (2010)

- Losses / Efficiency
- Reliability
- Insulation Coordination

- Cost

-

P

o
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#
-

DC BUS

H

ELECTRONIC SWITCHING ———»

v
~
Py

(A) ELECTRONIC PROCESSING OF POWER

e Hybrid Approach of SST+Magnetic Transf. as Alternative to Pure SST Energy Flow Contr.

b

y A
//\/
SECONDARY TO LOAD I
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(B) ELECTRONIC PROCESSING +
CONVENTIONAL DISTRIBUTION TRANSFORMER
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Phenomenon Basic problem Mitigation possibilities
Voltage breakdown e Use of voltage limiting
of typical semicon- devices

Basic impulse
level —insulation
coordination

ductor components

may be problematic
(below distribution

class voltages)

® Use lower distribution

voltages

s Development of more

suitable semiconductor
materials

Switching losses

High power loss,
proportional to

switching frequency

Low loss switching strate-
gies (e.g., zero voltage or
zero current switching)

Bulk resistive
losses in semi-
conductors

FRloss in semicon-
ductors

e Development of more

suitable semiconductor
materials

Use of low current con-
figurations

Cost of compo-
nents

High cost of high
power switches

Mass production
Development of better
manufacturing tech-
niques

Cooling semi-
conductor com-
ponents

Losses in sermcon-
ductor switches

Oil and air cooled tech-
nologies

Reduce losses in semi-
conductor switches

Isolation and
safety

No ohmic 1solation
afforded by semi-
conductor switches

Principle of ‘“insulation
by isolation’

Tudicious use of circuit
breakers to isolate cir-

Use a magnetic trans-
former for isolation

Component life-
time

Loss oflife due to
heat

o Better cooling
o Reduce losses

1EEE POWER
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Remark

Volume / Weight Reduction & Efficiency Increase by ——

Application of HT Superconductors
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» High Temp. Superconducting (HTS) LF Transformer for Rail Vehicles

- Specifications  1MVA, 25kV/ 2x1389V, 50Hz, uy=25%
- Current Density 21A/mm?

- Cooling 66K (Liquid Nitrogen)
- SIEMENS / TU Darmstadt (2001) pe— T
AC 0KV to 16 KV 16,7 Hz resp. 50 Hz with 25K &
synchronous generator & 3 phase transformer E T
1 ——j ' :
A ©
- % & Jg 2 ‘%
P ' e = "
: Coofing svstem T (7= 7 SIBAC*® Double:
3. [ transformer- cooling ooling sy: Y - 7 1GBT. .
I transformer Pump cryostat I_—:/ ] conveiter|
" with LN ,-reservoir
% g and LN,-pump L = 1
- 2x40C == S
% % 6 3 —
) T Pw
[ 7 R-L - Load

[
e 99% Efficiency (Significant Loss Red. vs. Conv. Transf.) - Substantial Energy Saving
e 50% Smaller than Conv. Transformer
o No Fire Hazard / Contamination and Thermal Aging
ETH
Eidgendssische Technische Hochschule Ziirich E :EE-E::;?EEEE&E;:;: —

Swiss Federal Institute of Technology Zurich
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» High Temp. Superconducting (HTS) LF Transformer for Grid Applications

- Oak Ridge Nat. Lab. (ORNL) & Waukesha Electr. Systems & SuperPower (Manufacturer)
- Target 28MVA, 69kV/12.47kV-Class

e Low Losses
o Self Fault Current Limitation (SFCL) Function (No Active Control)
e To be Installed in South. Calif. Edison Utility Substation 2013

ETH p%s

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future




=IC I~ Power Electronic Systems 22/183 —
I'— Laboratory

Basic SST Concepts

Matrix-Type AC/AC Converters
Indirect Converter Topologies
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» Electronic Transformer - McMurray 1968
m Matrix-Type f,=f,
LOW FREQUENCY AGor 5. A HIGH FREQUENCY ' TO
70 HisH FREQUENC Y LOW FREQUENCY ALor .
o  SO0L/D STATE || HOHRANY || pipp STATE  f—o
WU | symecnmonous swircaes| | TPNSTORMER | symcmomovs swirees| 9707
A
SOL/D STATE
ELECTRONIC
CONTROLS -
M|
1dp ‘1‘ /s
i Inventor:
‘ Witlram McMurray;
!

'L”.I—Mﬂ’ﬂj‘ yﬁ?f; Aiito 72y,

e Electronic Transformer = HF Transf. Link & Input and Output Sold State Switching Circuits
e ACor DC Voltage Regulation & Current Regulation/Limitation/Interruption
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» Electronic Transformer - McMurray 1968
m Matrix-Type f,=f,

ey @5/ o
- L2 ey
=175 €| [€sz i ”d“: - +/ o \" \ :r -. “'

. * A2 '
W T>£l i ) s Tkl L N 9T 1 ]

}%H L3 TV \ :

= : X | j | , '
AR E— R S | B

p. T e l <TA” 27 3 ' ’
e “al_. l ? ey| 172 ,,? === es §, + faz ____/?f___ e

e 50% Duty Cycle Operation @ Primary and Secondary
e Output Voltage Control via Phase Shift Angle
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» Electronic Transformer

m Matrix-Type f,=f,

SUPPLY $L0AD VOLTAGE
(0 4 /80255 SHIFT)
s
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~
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(90° PRASE SHF T)
—

\
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o Inverse-Paralleled Pairs of Turn-off Switches

OUTPYT VOLTAGE
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» Electronic Transformer

m Matrix-Type f,=f,
- e [€z Al
. : <
SRR AT ST G b S
: /4p§u -/45 z -76
T s |, E 4 T
Z ,
e 47l l>$1 e sz l;<t b4
’ T~ i “3/ V74 ’T\ éz
.fj'é‘ P N— - i
-— /2
. e !
£ A4t ;
} ICEL
Z , '// \\
— + . // \\
— 7 N

e Fully Bidirectional / 4Q-Operation
e Direct and Seamless Transition between the Quadrants
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» Electronic Transformer

m Matrix-Type f,=f,

14
Q = O

i+
\

o oo
Sh2 St
WL L
w1l L L
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«7 1 1 DT=6 -T/180

e Harada (1996) Based on McMurray Patent
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» Electronic Transformer

e Experimental Verification (200V/3kVA) of r\ ]
Basic Operation and Control Characteristic SN w2 ]

Dt s2 Ds 56 . tor \
1 1 -

Tr
. v
0 30 60 90 120 150 180
Ci Ts1m TS5 Ds ) (des)
7 52 D7 5%
1 92W 1 1
AC 200V
TS3 D4 TS7 DS

Drive circuit

Phase difference
control circuit

HHI

100V/div
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» Direct Matrix-Type 1ph. AC/DC Converter

- Mennicken (1978, f= 200Hz
I-Input, V-Output (McMurray

1 |
- | | .
VY 57| & x| I
{ i 3
T T U
uy Uy J ‘us I I UP$ Ug A
Yy 7| T lws & T' T
J | | =
™ N ‘ ig JT‘ Lo
YYY BT VAV i fic
T g L'
‘[ F=c; |%
+ W =Jw=cl
| YYY BEE Ky K
T | | I
e Targeting Traction Application
e Combination of Forced Commutated VSC & Thyristor Cycloconverter
e VSC Defines Transformer Voltage & Generates Thyristor Converter Commutation Voltage
e Energy Flow Defined by Control Angle of Thyristor Converter !
ETH
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- Mennicken (1978, f= 200Hz
I-Input, V-Output (McMurray

e Thyristor Converter
Control Angle a=11/3
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- Mennicken (1978, f= 200Hz
I-Input, V-Output (McMurray
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e Thyristor Converter ‘
Control Angle a= 21T1/3 - o
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» Direct Matrix-Type 1ph. AC/DC Converter

Fuhrungsstromrichter

-
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-
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N
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Steuersatz  fur
Fuhrungsstromrichter

Wechselspannungs =
zwischenkreis =
transformator

Foige - Lastkreis
stromrichter

Drehspannungs=

e Experimental Verification (Switching Frequency f =200Hz, f\=162%/; Hz)
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Steuersatz  fur
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quelle
(200 Hz)

mit~ Zundwinkel =

einstellung
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» Direct Matrix-Type 1ph. AC/DC Converter

- Ostlund (1993)
I-Input, V-Output (McMurray, Mennicken) .

Primary
el upl Converter u-ul Jua

commutation of the
primary converter

Targeting Traction Applications

Novel AC Current Control Concept for Mennicken Syst.
Several Switchings of the VSC within Cycloconv. Cycle
Lower Transformer Flux Level (Size) / Requires Transformer Flux Balancing Control
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» Direct Matrix-Type 1ph. AC/DC Converter

- Ostlund (1993)
I-Input, V-Output (McMurray, Mennicken)

[
Primary converters
siX primary converters u 3] 4QC Ud :F_
400A L i
30kV
0 4
400A
30KV JF

e (ascading of Primary Converters
e Reduction of Thyristor Blocking Voltage Stress
e Primary Winding Division for Sinusoidally Varying Staircase Voltage
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» Direct Matrix-Type 1ph. AC/DC Converter

- Mennicken

- Kjaer et al. (2001)
- Norrga (2002)

Cycloconverter

35/183

Voltage Source
Converter

AC
side

3 4(1} '
1A |~

T 1 11
i \k k o iy L% Tc, ) 5 Tc.
i ) +
@ ac side J-l :C %H% ltr ==U, dc side
e - -
i or tr 1 I — I —
._.{}_ ............. }— I\ L‘ L:& \ le Cq \ 2!5 Cq _

e New Control Scheme Ensuring ZVS for the VSC and ZCS for the Cycloconverter (Matrix Conv.)
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» Direct Matrix-Type 1ph. AC/DC Converter

ZV(CS
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1
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e Commutation Cycle of the ZVS/ZCS Control Scheme Proposed by Norrga
e Alternate Commutation of VSC and CSC
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» Direct Matrix-Type 1ph. AC/DC Converter

- Norrga (2002)
I-Input, V-Output (McMurray, Mennicken)

Power flow from dc side to ac side (u_i_ > 0)

ac ac

[

37/183

I ]
\4 {
| |
| I
L U, 0 ‘ e .
| | /| | I
|| | |1 [
.. Rl | | / I I
i . oy 7 TCS\ i e, u g ! I \’_l':.
ac side l: u:: %Hg ::r ==U, dc side | i, H ‘ || H
i @ - tria | | 1 h
: 1 il \
L L Ny 1 VAT N FE | | | |
l L, -
P 7
T K
1. 2.'88 6. “7)8 1. 2.8~ 6. ‘7)8. 1.

e Voltage and Current Waveforms for iac>0
e Commutation of Cycloconverter Immediately after VSC Commutation
o Three-Level AC Output Voltage & Very Limited Power Flow Reversal
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» Direct Matrix-Type 1ph. AC/DC Converter

- Norrga (2002)

I-Input, V-Output A !
Ud —; i [
! u N X
* R & . ”4751"}':-’
7 E (O O R .
gf i, E ‘—@:":g Ni_. Ie"“i &
:‘E_Lnfj [ n t
T} ﬂ T, P
_Ud
1. 2 3 45 6
e VSC Quasi-Resonant Commutation Ensuring ZVS for Low Load (Current Insufficient for ZVS)
e Transformer Primary Winding Short Circuits by Cycloconverter During VSC Commutation
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» Direct Matrix-Type 1ph. AC/DC Converter

- Norrga (2002)
I-Input, V-Output
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e Simulation Results and Extension to MV Input (Norrga, 2002)
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» Direct Matrix-Type 1ph. AC/DC Converter

- Ladoux (1998)
I-Input, V-Output (McMurray, Mennicken)

Current source inverter

——————————————————————

40/183

Voltage source inverter

15KV 164z 29

Or 25kV 50Hz l
Medium Frequency 0C Bus l .
My Ac T oc
v

SHVAE VA0

PWM Voltage Source
nverer

atl=0

N Stages

Controlled
‘\Tum on

Spontaneous
turnonatv =20

Dual Thyristor commutation mode.

e Targeting Traction Applications

e Dual Structure Association (VSC & CSC) & Phase Control & Dual Thyristor Control (ZVS)

e Soft Commutation of All Switches
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» Direct Matrix-Type 1ph. AC/DC Converter

- Ladoux (1998)
I-Input, V-Output (McMurray, Mennicken)

E|
- e
| «—V,
lin L | L] L L | L
/Vzc
Current source inverter Voltage source inverter E
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e a | : tep -2
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R T : —+— v [ THYI-THY2 | THY3 THY4 |
1
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o Alternate Commutation of VSC and CSC - Natural Switching of CSI Dual Thyristors / Soft-Commut.
e Transformer Magnetizing Current for Supporting ZVS at Light Load or

e Quasi-Resonant Commutation (Short Circuit of CSI during VSC Commutation)

e Simplified Control Scheme - Two Level Voltage V/, vs. Three-Level Contr. (Norrga)
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» Direct Matrix-Type 1ph. AC/AC Converter

- Enjeti (V-Input, V-Output, =0, 1997)
- Krishnaswami / 2005, Liu / 2006 (V-Input, I-Output)
- Kimball (V-Input, V-Output, 2009)

- _// \\/ fot
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] ] ] ] S e I o R SR S A \
el 1 ] B\ - S
(©
o fi=/ )
e Input Power = Output Power (and No Reactive Power Control)
e Same Switching Frequency of Primary and Secondary Side Converter
e Power Transfer / Outp. Volt. Contr. by Phase Shift & of Primary & Sec. Side Conv. (McMurray)
e 0=0 (shown) Allows to Omit Output Filter Ind. (V-Output), But does Not Allow Output Control
ETH pels
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» Direct Matrix-Type 1ph. AC/AC Converter
- Enjeti (V-Input, V-Output, =0, 1997)

INPUT
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QUTPUT

_‘ sW2
_I

e Realization of Matrix Stages with Conventional IGBT Modules
e (ascaded Converter Input Stages for High Input Voltage Requirement
e Single Transformer / Split Winding Guarantees Equal Voltage Sharing
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» Direct Matrix-Type 1ph. AC/AC Converter
- Kimball (V-Input, V-Output, 2009) Primary
Bridge
Secondary
Bridge
Transformer
Current
Primary
Bridge
Secondary
Bridge
Transformer
Current
e [i=1, ;
e Input Power = Output Power (and No Reactive Power Control) Negative Pover Flov
e 1ph. AC/ACZVS Dual Active Bridge (DAB) Converter (Voltage Impressed @ Inp. & Output)
e Power Transfer / Output Voltage Contr. by Phase Shift ¢ of Primary & Sec. Bridge Operation
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» Direct Matrix-Type 1ph. AC/AC Converter

° input voltage
- Kimball (V-Input, V-Output, 2009) P—
2000 : : : :
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Phase Shift / degree

e ZVS Strategy
e ZVS Range Dependent on Load Condition & Voltage Transfer Ratio (Stray Ind. as Design Parameter)
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» Direct Matrix-Type 1ph. AC/AC Converter

- Yang (V-Input, I-Output, 2009) /,m Py Ue
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e Topological Variation of the Basic 1ph. AC/AC DAB Topology
o Three-Level Input Stage, Center-Tap Secondary Winding Rectifier Stage
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» Direct Matrix-Type 1ph. AC/AC Converter

- Yang (V-Input, I-Output, 2009)

o Six Conduction States within a Pulse Period
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» Direct Matrix-Type 1ph. AC/DC Converter

- Drabek et al. (2011)

AC trolley line

V-In put, V_outp ut DC trolley line
I, MVF MVC MFT
L 1
F I# |
Cu| K= ] 2
JK* | 2
K |
Cen | " 2 %

Traction Application

MF Transformer with Splitted/Cascaded Primary Windings & Single Secondary Winding
DAB Topology but Higher Secondary Side Switching Frequency for Current Control
Natural Balancing of the Input Filter Capacitor Voltages

400Hz Multi-Step Commutation of Primary Side Matrix Conv.

Conceptual Relation of Control Concept to Ostlund (Prim.: 400Hz, Sek.: 2.5kHz)
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» Direct Matrix-Type 1ph. AC/DC Converter

ori
- Drabek et al. (V-Input, V-Output, 2011) Matrix Secondary
AC Trolley Line Converters Voltage-Source
—_— Active Rectifier
i i I VSR
N J T
N ! -
— " 400Hz .

Synclhronization )@ fMC =400Hz uF T S-S, S,-S,
with trolley 0] Zero crossing —— ——
line voltage T Switching Switching
C'J'I.I'L logic MC logic
o

P S (4-step commutation, vy
Deterministic
switching
sequence 400 Hz

generator |1 E
| | t
-1

e Output Voltage Control via Current Amplitude / Phase Shift Controller Def. Inp. Current Phase Angle
e Hysteresis Contr. of VSR impresses 400Hz Ampl. Mod. Square Wave Current (def. Ampl. & Phase)
e Synchr. Switching (400Hz) Primary Matrix Stage Demodulates Transf. Current into Cont. Sinewave
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» Direct Matrix-Type 1ph. AC/DC Converter

- Drabek et al. (V-Input, V-Output, 2011)

Primary
Matrix
AC Trolley Line Converters

Synchronization|
with trolley

line voltage Switching

lu;:,u: MC
4=step commutation

Deterministic
switching
sequence 400 Hz
generator | 1

e Experimental Analysis

ot
o

Secondary
Voltage=-Source
Active Rectifier
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» Indirect Matrix-Type 1ph. AC/DC Converter

- Weiss (I-Input, V-Output, 1985)

. VSI
163— Hz, 15 kv RMS Lz
il -
Y NN Yor, A4
Ly ! 7([)‘ S — D,,
Yo, ¢, 0,¥
:1 L3 L3
T ”“ — DC/DC Boost
00| o (B Converter
Z |

PWM
inverter|

e AC/DC (Rectifier Bridge, No Output Capacitor) and Subsequent MF AC Voltage Generation
e Secondary Side Rectifier and DC/DC Boost Converter for Sinusoidal Current Shaping
e Switching Frequency f = 400Hz
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» Indirect Matrix-Type 1ph. AC/AC Converter

- Lipo (V-Input, I-Output, 2010)

AC Input Voltage

Rectifier Output Voltage
Transformer Input Voltage
Spectrum of Transformer Voltage

TR EIEE:
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ﬁ} (b) <} <} :g

ETH

volt
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300 400
Time (ms

5.0 104
Frequency (kHz)

AC/DC Input Stage (Bidir. Full-Wave Fundamental Frequ. GTO Rect. Bridge, No Output Capacitor)
Subsequent DC/DC Conversion & DC/AC Conversion (Demodulation, f, = f,)

Output Voltage Control by Phase Shift of Primary and Secondary Side Switches (McMurray)
Lower Number of HF HV Switches Comp. to Matrix Approach
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» Indirect Matrix-Type 1ph. AC/AC Converter

- Lipo (V-Input, I-Output, 2010)
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e Multi-Step Commutation of GTO Input Stage (at Mains Voltage Zero Crossings)
e Commutation Considers DC Link Current Direction and Input Voltage Polarity
e Same Gate Signals for Diagonal Thyristors (G,,G;), (G,,G,), (G;,G,), (G4,Gg)
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» DC-Link Type (Indirect) 1ph. AC/AC Converter

e AC/DC - DC/(( DC - DC/AC Topologies
e Dual Act. Bridge-Based DC//DC Conv. (Phase Shift Contr. Relates Back to Thyr. Inv. / McMurray)

HVAC | HVDC LVDC |LVAC
. LN AN
Reciif HVDC link DC-DC Dual Active Bri LVDC link  pouble-Phase Inverter LC Filt
ectifier 11.4 kV ............... CCuaC‘tNerldge ............. . 400V tier Load

...........................................................

(Ayyanar, 2010)

HVAC| Lvpe Lvac
v —i— v
HVAC| HVDC [LvAC
o Alternatives: AC//DC - DC/AC Topologies ~ E_ ~
AC/DC - DC//AC Topologies — —
m 1EEE POWER
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High-Power DC-DC
Conversion
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» Dual-Active-Bridge (DAB)

- De Doncker (1991)

)
J Rl
)

e Two Voltage Sources Linked by an Inductor
e Operated at Medium/High Frequencies

ETH
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Fundamental model of the dual bridge dc/dc converter.
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» DAB - Common Bridge Configurations

m Half-Bridge Configuration
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m Full-Bridge Configuration
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ETH

e Two Voltage Levels from Each Side

e Three Voltage Levels from Each Side
(Additional Freewheeling State)
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» DAB - Common Bridge Configurations

m Neutral-Point-Clamped (NPC) Configuration

e Three-Voltage Levels from Each Side
e Voltage-Doubler Behavior

|
|

|
|

A
Uy Ury
HERY Y J A HE
N N
- | Uy
e Suitable for Higher MV/LV Ratios
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» DAB - Phase-Shift Modulation

m Power Transfer Controlled through Phase-Shift between Bridges

A
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Comparison of the output power versus ¢, at d = 1, from the
i \ ! 'i I/ . fundamental model and actual model.
o N TN 2 6=t
2 L1 L 2 Mekm e Fundamental Model suitable for
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pre™ = ™ Dem T Bridge Calculation of Power Transfer
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» DAB - Phase-Shift Modulation

60/183

m In a Certain Range, All Switching Transitions done in ZVS Conditions
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1 i H '
H { i i
1 : ‘| ,3
5 : ' ! a2 10
: I H L o =]
Lp P : \\i ] B
] 1 i )
1} 1 1 1}
1 ' :
‘ - = 0.5
H d ' ' .
I : 1
M /I
1 ]
i : >
i i 0.0
: : 1
d 1
‘ P :'
f -, :
H :
i ; ; >
¢ (1 Vl m: \]- 213. 6=t
(] 1 ]
1 .
1 2 y 1 v 2 ! Mode no.
Dt 10 TL ! D21 T2 T2 Input
D4 10 T4 T4 D310 T3 K] Bridge
D2' 10 T2 br DI'ta Tl D2 Output
D3 0 T3 D4’ D40 T4 D3 Bridge

ETH

soft-switching d=125
hard-switching
d=20
— Input Bridge
Boundary
d=1.5
=10
=0.5
Output Bridge

T
30

I 1

60
O (deg)

- Soft Switching Range
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» DAB - Phase-Shift / Duty-Cycle Modulation

m Additional Degrees of Freedom can be
Utilized to Optimize Targeted Criteria

o . o VACI
e E.g. Minimize RMS Currents for 300V 30A
Minimum Conduction Losses SRR
(ETH, Krismer, 2012) 200V | /,A\ ; 20A
D\, Dy, ¢/n i . A \ i
0 I . 100V |- Cir \ 10A
03 D I 7 I/ AN
/ o,/ gin oV ‘ 7 1N 7 0A
S ! | ! Ll : | /
I | | ‘ | i \ i
/ / / -100V |~ : = <~ / i -10A
0.3 ! | |
= | I 1 | \\ /
: : =200V | T 1 g : -20A
02 —f—— | ! ! | l T N !
i ] ; i -300V |- : - 1 -30A
V TC™ ! oT™M | cPm ! | [ ‘ :
0L | el i f —— :_\ ‘[ )'
0 1 Pama 2 P’Pl.m x Pmax P/kW 0 Il tz l3 t4: Ts/z tj lp.s tﬁ Z7 tg_ TS
e Not Possible in Half-Bridge Configuration
ETH A
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» DAB - Triangular-Current Mode

m Duty-Cycles and Phase-Shift Utilized to perform ZCS Switching

I, o J
Uyy ' I‘ : 1= Uy
N, il N,
ZCS on
J J ZVS on MV Side ZCS on MV
— LV Side \ and LV Sides
| |
I - — v ~
300V VAU/ 30A 300V Au/ ] 30A
L \
200V |t 20A 200V |— \ 20A
/ et N S \ (n T Vacz / ==p=-- \ (’? " Vac2
100V 10A 100V \ 1 10A
ov 0A Y% : ; / 0A
-100V \ 7/ -10A -100V : \ 7/ -10A
200V ? | \ / 20A 200V 5 | \ / 20A
I'=D\Ts: | T R \ I'=D\Ts; | T, T \
_ | H H _ - | H H _
300V | : \; 30A 300V | \ 30A
I | 1 | 1| ‘| 1 |
T T | T T |
0 I8l 5] Ts/2 lps Ts 0 h i Ts/2 lus Ts
e Inductor Voltage Z(CS on MV Side
m ﬁ 1EEE POWER
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» Three-Phase DAB

- De Doncker (1991)

Phase-shifted

ij . 7 Yo
1 / 35 I : N 137 s

T . AT | v, g
c'__.rnﬂﬂ f'm". c
Transformer
(O e
Source  Input Input Output Output  Load
Filter Bridge ) T Bridge Filter
! =-|
IGBT
(a)

m ZVS of All Devices within Certain Power Range
m Z(CS Only Possible at One Operating Point

ETH

63/183

DT [ T HEEED TI Tl
T4 ™| ™| T+ |DAT]| T3 é:‘%u'e
ht} TS [DeTe) Te | Te | T6 g
D212 | DI | D1 DI DI D Qutput
D¢ | D& | D | D [paTa| DY Bridge
Ds’ Dy |psTs| D6 | D& | D6
(b)

(a) Three-phase dual active bridge dc/dc converter, Topology C;
(b) idealized operating waveforms for topology C.
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

m Power Supplies for Robots - RWTH (Esser, 1991)

A\

L (S1(s2]| un|
o |szf81{§

L, L
rotatable |
i - i transformer ! S2 Sl S
i 1~bridge : ' 1~ bridge
\ converterI i converter Il

Equivalent circuit of the rotatable
transformer and the 1l-bridge conver-

e Energy Transfer Through the Robot’s Arm Joints ters

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

m Operating Principle: Resonant Frequency = Switching Frequency

1000 V Y Y 4 200 A
\)
500 V[ ey ! 100 A
0 e——f— 0
500V S ~100 A
~1000 V - ot
0 T T E 2n
2 2
o * L 2 0
o} L3 L
5 b
Uuv | = | = ]| %
’é NN, R,
5 L8 of t %
T T T T T T T T T o 0
0.4 08 08 1.0 1.2 1.4 18 1.8 2.0
FREQUENCY/RESONANT FREQUENCY
o At Resonant Frequency, the Input/Output Voltage Ratio is Unity (Steigerwald, 1988)
m 1EEE POWER
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

m Equivalent Circuit for Transient Analysis (Esser, 1991)

. + oy —
ILVavg /n Bt Lr eq R r.eq )
—Oo——»—+ - T
VMV N < Lr eq = TL
-+
n VLV [—] [] n2 -Rl d TC2
0 - nia
125A ) icave(t) T/2
100 A i ;
75A I (1)
. 50 A
e Output Voltage is V= Vyn for 25 A
Any Output Power 0 e f
to fo+1ms fo+2ms to+3ms
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

w

ok

gy

g}l

Ity

HV module

Transformer

}_

SUKB

Uy

LV module

m LLC Structure to Reduce Switching Losses

m Zero-Current-Switching of All Devices

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

- ETH (Huber, 2013)

m Efficiency / Power-Density 100 |
Optimization - Pareto Front pareto front
m Operating Frequency Used as / )
Free Parameter :
99 1
z
£
(<]
98 1
e HC-DCM-SRCis Suitable .

for Reaching High Efficiency 7 154 328 49.2 65.6 81.9
power density [W/in’]

® Optimum f for 99% I T
Efficiency is 6...8 kHz fs [ktz]

1 5 10 15

ETH
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» Three-Phase HC-DCM-SRC

- RWTH (Jacobs, 2005)

I - L ‘iRL‘CTou! lioul
I ’[ 10 1 ) 3 - —p—0
L J Cin J -I . Cn Ty . @ 2S 2 zg 3 ZS‘ Hps Ecou
Tin, A out.a
= A ’ —————

Yis C-—”u—-— = c
CS

o

R

e Possible Power Density/Efficiency Improvement + Red. DC Filtering

ETH
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» AC/DC Converter with DAB

- KU-Leuven (Everts, 2012, presented for LV Applications)

Synchronous AC-side HF Active bridge: Active bridge:  DC-side HF and LF
i‘en:’tiﬂ capacitors fiill bridge fulll bridge capacitors
; __,./\‘.____ N~ S A ____..A.___
ipca(t) !1_.(1) Inductor and HF i(t) ipca(t) Iﬂc.z
Ve () I* isolation transformer ° ¥ Vnc:
o i M i o
P 3L SN L S L SN It S ==
EAC(U t} Jt} Spl Sp3 l x L I;T(? L Ssl SsS Cz
Vac(t) ol | I ==
° A B Crst

AL Tee ee T g o

G

5 O
(_ Primary side ) (Secondary side )

Bidirectional DAB DC/DC converter

VAC(”I/\ Voci() V\/\ Bidirectional DAB AC/DC converter Poea——
t t t

‘ ‘ 20 ms

e Direct MV-AC to LV-DC Conversion (No Constant Voltage MV-DC Link)
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ZCS/2VS of IGBTs

ETH
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» ZCS and ZVS of IGBTs

» Analysis of IGBT Losses under ZCS
Conditions for the TCM-DAB

» Tested on a NPC-3-Level Structure
Based on 1.7kV IGBTs

A 1.7kV PT IGBT Module-
Based Testbench

ETH

72/183

MV sideﬂgc Bridge

o

2kV

LV side

A NPCBridge Leg Based on 1.7kV PT IGBTs
Conn. to MF Transf. and LV Side Bridge
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» Operation

» NPC Bridge Applies Full
Positive Voltage

ETH

A

Voltage [V]
-
[=]
o o
7
=
=
<

2kV

|

I
/ .
-\J
1
20
LV side

25

NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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800
600
400
200

0
-200

Current [A]
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o 1600 — 800
» Operation
1200 - 600
= =<
o 800 -4 400 S
S \ 5
o @
£ 400 | 1 200 £
= o
0 lﬁ: 0
» As soon as the Current 200
Reaches Zero, the NPC -400 5 10 15 20 25

Bridge is Turned to
Freewheeling, achieving
ZCSonS,

Time [ps]

LV side

A NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV
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» Standard ZCS: MV-> LV 800
_ 600
=
" 400

» Large Current Spike g 200

Even at Zero Current S
» Large Turn-on Losses on 0
Turning-on Device -200
Time [ps]
S, turn-off S, turn-on
1400 : . . T
T 120
- > a0
> 60
= 40
= 20
0
-20
v Time [us] Time [ps]
A 1.7kV IGBT NPC bridge A NPC Bridge Structure and Experimental Waveforms

for 166kW / 20kHz and Power from MV to LV
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» Measurement of IGBT
Stored Charge Behavior

» Exp. Measurement of Internal Charge
» Dynamic Behavior of Stored Charge

1.7kV IGBT

A 1.7kV IGBT Test Circuit for
Charge Behavior Analysis

ETH

AT =10 [ps] AT =22 [ps]

76/183

1400
1200
1000
800
600
400
200

Voltage [V]

'2009 10 11 12 21 22

23 24

Time [us] Time [ps]

140
120
100
80
60
40
20

-20

A Experiment used to Study Stored Charge Dynamics
(Ortiz, 2012)
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» Measurement of IGBT

Stored Charge BEhawor FF150R17KE4 - Infineon - FS IGBT

- 0.75 — | . , 75
[=137[A "~ 25
> Field-Stop 1.7KV IGBT g _ LA g
» 62mm Package 8“& 0.50- /Q(t) 7150 =
- &0
2 < 0250 4 > {25 S
S Qe(?) J; ©
0 1 1 1 0
0.75 75
2z _
5 0.50- 150 2,
Qg 5
52 =
= @)
O
0 | | | | Jrr— 0
0 5 10 15 20 b) 25
AT
WM __Q1 i el
dt T s
A Charge Control Equation to A Experimental Stored Charge Dynamic Analysis
Estimate Charge Behavior on 1.7kV FS IGBT
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» Measurement of IGBT
Stored Charge Behavior

» Field-Stop 1.7kV IGBT
» 62mm Package

90 . . . . - T 150
/Tj = 125°C
S 60f RO 1100 2
: | | 2
= 30+ P . . . | . 150 >
X \T] = 25°c
00 10 2IO 30 40 5I0 ﬁb 0
time [ps]
dt T S
A Charge Control Equation to A Experimental Stored Charge Dynamic Analysis
Estimate Charge Behavior on 1.7kV FS IGBT and Resonant Sine Pulse

ETH
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» Measurement of IGBT
Stored Charge Behavior
IXGN100N170 - IXYS - NPT IGBT
» Non-Punch-Through 1.7kV IGBT .07 P ' ' ' 7
» SOT-227B Package E L9 Al L
8“& 0.501 | /Q(t) E=0122 |7 30
§ < 025 m —25
& S T
O | | | 1 0
0.75
z
£ 0501
3 g 0.50
Switch  Temperature 7} T ks :g 3 025
FS 25°C 3.07us  0.114 =
FS 120°C 4.24pus  0.138 o 0
NPT 25°C 5.96us  0.122 0
NPT 120°C 7.43us  0.116 b)

A Summary of IGBTs’ Parameters

ETH
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AT [ps]

A Experimental Stored Charge Dynamic Analysis

on 1.7kV NPT IGBT
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Laboratory

» Quasi ZCS and ZVS: MV - LV

» Low Turn-on Losses due to 1600
Low Switched Current 1200
» Virtual Elimination of = 300
Turn-on Losses &
£ 400
—
0
-400
1400
=
&
S
-200
A 1.7kV IGBT NPC Bridge A

T ! I |
L Uy u / ; \ |
MV ZL
i /\l____:
-\’_ I ————
| ' : I
L L 10 15 20 25
Time [us]
S, turn-off S, turn-on
T ! I I
1N Vs :
— \/ 7:53 |
A
1 L I I
0 1 2 30 ! : ’
Time [ys] Time [ps]

1EEE POWER
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800
600
400
200

-200

120
100
80
60
40
20

-20

NPC Bridge Exp. Waveforms for QZCS/ZVS @ 166kW /
20kHz / 120°C and Power from MV to LV Side
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» Quasi ZCS and ZVS: Switched Current Sweep

MV — LV
3 T T T T T
% 1 —— 25° _
- -&— 120°
0 1 1 1 | |
» Minimum Losses around
40A @120°Cand MV > LV 5
» Minimum Losses around 4
70A @120°C and LV > MV =
» Total Reduction of *37%@120°C v }
for MV > LV @ 2 \'\,\
» Total Reduction of *50% @120°C 1r oS ¢ .
for LV > MV 0 ! !

1 1 |
0 20 40 60 80 100 120
Switched Current [A]

A ZCS Losses for Both Power Flow Directions and
25°C & 120°C @ 166kW Transferred Power
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Three-Phase SST Distribution
System Applications

Phase Modular / Direct 3ph. Concepts
Matrix / DC-Link Based Concepts
ISOP Converter Topologies
Example SST Projects
———  SST Concepts Employing LF Transformers ———

EEEEEEEEE
EEEEEEEEEEEEEEEEEE
Powering a Sustainable Future
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» 3ph. SST Concepts

m Phase-Modular (3ph. Comb. of 1ph. Units) or

m Direct 3ph. Topologies

m Direct or Indirect Matrix Type Topologies or

83/183

m DC-Link Based Topologies

A ‘ 1 a
4.16kV - 480V
B M-Level Transformer DC/AC 1
416kV |Back-to-back +Rectifier Inverter | 480V
C | Converters +DC Filter +AC filter | ©
24KV 1 . 277V
N | n
A +  M-Level — Transformer DC/AC a
[ Back-to-back +Rectifier Tnverter ]
416kV — Converters — +DC Filter |—J+AC filter|— 480V
B T M-Level +— Transformer — DC/AC T b
2.4kv] |Back-to-back +Rectifier Inverter 2177V
} — Converters — +DC Filter —+AC filterr 4
N il
C— M-Level = Transformer — DC/AC ¢
Back-to-back +Rectifier Inverter
L_| Converters ] +DC Filter —+AC filter =

e Frequently 1ph. AC/3ph. AC Converter Topologies Analyzed Instead of Full 3ph. Systems
e Frequently Unidir. (MV->LV) Topologies Proposed/Analyzed Instead of Bidir. Systems

e 1ph. AC/3ph. AC Conv. Topologies are Directly Applicable for Traction Applications

ETH
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- Venkataramanan (2000)

A
/
A
/

3|
/1
hY
A

e Only Interesting for Low-Voltage / Low-Power Applications
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» Partly Phase-Modular Direct Matrix-Type 3ph. SST Concepts

- Enjeti (1997) - Steimel et al. (2002)
Ac Filter 6-Pulse MF
Cycloconverter Transformer
1 1 ——— YYY EAR

@E

YYY SRR

— | @EE

MF System

-
i
= L
£ L
L.
= L
P -
g £ L
High-Voltage 50Hz System

Medium-Voltage

-
KK HKHKH KK H KRK
1 4@7% 1 4@4 45?@4 ﬁd@ E
{ [ {
- Steimel: Thyristor Cycloconv. Commut. Voltage Impressed by MV VSI (Mennicken, 1978)

Thyristor Recovery Time Limits Switching Frequency to f,=200Hz (0=150°)
Reactive Power Demand of the Thyristor Cycloconverter
Implementation of Cycloconv. with (Turn-0ff) RB IGCTs (6.5kV) allows f,=500Hz

- Enjeti: e Three-Limb Core could be Employed for Realiz. of MF D-y-Transformer (Enjeti, 1997)
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» Direct 3ph. Direct Matrix-Type 3ph. SST Concepts

99,1599
%ﬂ gas

e No Energy Storage / DC Port
e Large Number of Power Semiconductors (24)
e Limited IGBT Blocking Capability does Not Allow MV Application of Basic Conv. Topology

ETH pels
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» Direct 3ph. Direct Matrix-Type 3ph. SST Concepts

- Mohan (2009)

Three-phase grid, 60 Hz _ load-side converter Gear hox
3x3 matrix 7
t | converter @
(e Pai pbi Pci PCLZ PbZ ch SO& SE:' SC
L (e . o ¥ el . . Generator

-

VPal VP al / \
L Z# rl z Z# Rotor
- - . . . - \ T r /

-

low voltage clamp circuit Gid and Power Transformer 60Hz

. . |
grid-side e

S vetter (= [ | ]

S [’L’ e Nacelle Droop cable Power electronics at the tower base

Fig. 1. Conventional wind power generation system

Power electronics
| “high voltage clamp circuit u u FWa |'°=H=@

60Hz transformer
Nacelle Grid 60Hz

— 11

Fig. 2. Recent wind turbine system

High frequency ac link (few kHz)

e Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM) %ﬂ:@;) e/
e LV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency b
e Switching CM Voltage Eliminated at Generator Terminals by Proper MC Control R
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» Direct 3ph. Direct Matrix-Type 3ph. SST Concepts
- Mohan (2009)

=1 ™~ P ™~
SC Sb Sa,
UVPal UVPea2 . . .
va lvplve| Y& * + —
@ Vo =< ORI I L H - H
= — | Np: Ng U
SW, _ _
UPal — VA T \
U —_— —v
Pa2 A
Vg = NP’UA

time

e Equivalent Circuit of the Transformer for SW,-on and SW,-off and Input Phase a Voltage of MC
e (Clamp Circuit Sinks Energy Stored in the Leakage Inductance

e (Clamp Voltage = 2 x Grid Line-to-Line Voltage
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» Indirect Matrix-Type Direct 3ph. SST Concepts
- Enjeti (2003)
oL, jolgle
bl
l Mode 1
‘Va »
Variable speed Fixed 5;-:,@: ARl
Source Utility line : LY, e
J_ ba |l \. |I
Rt e
34/16 Converter  HF Transformer 16/3¢ Converter :“n;;j’“; ‘N"Jg'..;.if p;:u::plm “';E’:.u:.;li i
e Modification of Direct MC Topology Proposed by Venkataramanan (2000)
e Formation of Transf. Voltage Involving all Phases a,b,c and Ensuring Balanced Flux
o Transformer Sec. Voltage Rectified into Fluctuating DC Link Voltage V,,
e V, Converted into V,, Vg, /. by Space Vector PWM for Mains Current Control
ETH
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» DC-Link Based Direct 3ph. SST Topologies

hYl
70

ﬁm* ﬁ%ﬁ
gt
A Al

e Lower Number of Switches (20) Comp. to Matrix Approach (24)

e Three-Stage Power Conversion (3ph.AC/DC - DC//DC - DC(3ph.AC) —> Eff. Red.

90/183

e Limited IGBT Blocking Capability does Not Allow MV Application of Basic Conv. Topology
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Swiss Federal Institute of Technology Zurich

1EEE POWER
‘_‘ ELECTRONICS SOCIETY
veringa Sustainable Future

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘



91/183 —

“1C I Power Electronic Systems
I"— Laboratory

Transformer DC/AC
3-level Back-to-Back Converters 1 I- Doubler Inverter +
SMJ SMJ S(;IJ SdIJ + DC (iap. A-C filter
L, SazJ ]_Sbé.] _S(;QJ CallS K&, % é JéJK%J% L,
A L [ 1 i C 5 a
B —00 l %H dc:: D0 b
CT™3 AR R 3] ' i Sd3J 2 T c
7 X K% K% ] # CTTT
Satd Sb4J Sc4J Ca S d4J ﬁ} ﬁ Tn

e M-LevelTopology & HV IGBTs for Incr. Input Voltage Capability (Front-End and DC/DC Conv.)
e Current Doubler Rectifier for Increasing Output Current Capability / Low Output Current Ripple
e Bidirectional Extension by Switches Antiparallel to Rectifier Diodes Possible (Snubber)

1EEE POWER
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» DC-Link Based Direct 3ph. SST Topologies

- EATON (Patent Appl. WO 2008/018802, Inv.: M.J. Harrison, 1997)

I 3 JeE 3 -
EEZ ol

Y Y ey IF T T

[- S

/’—T

e Only Interesting for Low-Voltage / Low-Power Applications
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Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RD;IIES SOCIETY
vering a Sustainable Fulure

;;;;;;;;;;
Swiss Federal Institute of Technology Zurich o TR s




“1C I Power Electronic Systems
I'— Laboratory

» DC-Link Based Direct 3ph. SST Topologies

- Proposed for Energy Storage Systems (Enjeti, 2012)

(“3-phase PWM Rectifier "\ lbat

LEX

lr;‘-’ﬂ

KE 2 hE
1

1-Phase AC-AC Full
Bridge with SiC IGBTs

-l Swi ::%m
.l

=

% 3-Phase Medium Frequency Transformer
(p- primary windings & 1- secondary winding)

la
[} - V.
=l Vi
(= V,

vﬂli ,ph_C2

4160 V
Medium Voltage
Utility Grid

.l Swd !s«z
.l
)

Battery Bank for Storage

e MV Side Series Direct Matrix Structure with Single 3ph. MF Transformer Core
e Single LV Side 2-Level 3ph. Inverter

ETH
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33Ky =

verter

Power Electronic Systems
Laboratory

- Akagi (2005/2007)

The Bi-Directional Isolated DC/DC Converter
Converter Cell No. 1 |

¥ |
33kV Jlﬂs d J JK% 20 kHz - Jﬁai JK&J@ 3.3kV
i T ==
/ JVV[;
Single-phase JK} Jd# J JK'% J|<§E J@ JRE

PWM

Multi-Winding Power Cell No. A1 7
Transformer 33 kY

i ter: —
1,800 kW AR Converter Cell No. 2
Switching freq.
=1 kHz.
Switching loss

negligible

Converter Cell No. 5

|
[ B
L |
, e 1
\J AN DC-Link Voltage: 610 V AN
b o) ivvwntl__/ ] 1,200-V IGBT SiC MOSFET . N
50 or 60 Hz . ( ™~ sorst s | ~—

e Application for MV Motor Drives Replacing the 50/60 Hz Transformer

1EEE POWER
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Eidgendssische Technische Hochschule Ziirich

Powering a Sustainable Fulure

Swiss Federal Institute of Technology Zurich

94/183 —



“1C I~ Power Electronic Systems 95/183

I'— Laboratory

» DC-Link Based Fully Phase Modular SST Topologies

- Akagi (2005)

6.6 kv

=1 a1 el . -1
LT T M T : | T
ey T oy R gy | : -1

a1 a1 e :

STATCOM STATCOM

e Back-to-Back Connection of MV Mains by MF Coupling of STATCOMs
e Combination of Clustered Balancing Control with Individual Balancing Control

ETH Pdﬂs

Eidgendssische Technische Hochschule Ziirich
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» DC-Link Based Partly Phase Modular SST Topologies

- van der Merwe (2009)
High Voltage ~ Low Voltage
Side : Side
: -
11000 v Ll-ac ” HE-ac 380 v AT I
3 9 up : °  E 3¢ T ] —T"
HF-ac : LF-ac i s e e
: | 3 Phase 5
. B3 cel Cl_l_r c i ¢ T
i e Ve nverter I
Ll :Lu ZI_|_(‘_,‘
ewet 1. ——eeC
h ] ﬁ
E = o] control
cz cel IID?'_,\_‘ @ a,In,ic
L] C‘e\l ||§ |—H—i ’.\_‘ A
M ——-

4 J T Atout ... Avout
L $ Biout ... Buout
|E Crout ... Ciout A A
rY an ... An
J o ¢B1jn .o Bulin
Cii

in ... Ch_in
L Main Controller

*

e SST Concept Without Accessible MV DC Bus
e Extension to Bidirectional Power Flow by Replacing the Passive Rectifiers with Active Systems

1EEE POWER
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» DC-Link Based Partly Phase Modular SST Topologies

- Steimel et al. (2002)

97/183

HV Module Dec-De Module MV Module
i
H-Bridge II-Bridge YdS MF 3-Phase H-Bridge
¥Y3C VvSC Transformer 2L.V5C VSC
|/ T !
) .
1 3 . =
e = % . I = Land
e

e Electronic Power Transformer for 110/20kV and 110/10kV Applications
e Truck Movable Temporary Replacement of Failed Conventional Transformer

ETH

1EEE POWER
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» DC-Link Based Partly Phase Modular SST Topologies

- Steimel et al. (2002)

p
v 9
v
-—-——77 Phase-shifled
| l
(@  Ac Ac Vi == 1 .
Filter =1 Filter
— S 4V I DeD My - / J ) )
|:,.. Module u-q Module &= l‘vmdule-J I l L L .
-  — op o8 1, a
=T - :| —t —I)—.-I I-I >
| ] Do X 7 7 t
- Mlo‘ld‘;le%: I\l::dE{;e - M:id\:xlc n H i ]1-'." b = Vv,
- Fall a
o e 11,

(b)  Ac Ac .
Filter [ G “+1 Filter Ve i
—E oY M DeDe My n

h—

= Module e Module Module — A
|: ) Yd5 Transformer l
= HV Fedpepe M- I
Module el Module & “'ijl = T.D
. . ) = Cs
Single-Phase Design of an Electronic Power Transformer for / l
() 110KV/20KV (b) 110kV/10kV Ac/Ac Conversion 1

e Configuration of Cells for 10kV and 20kV MV System
e Implementation of Soft-Switching DC/DC Module (Self Balancing of DC Link Voltages, Cable Transf.)
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Laboratory

» DC-Link Based Partly Phase Modular SST Topologies

- Steimel et al. (2002)

Dec-Dc Transformer

e Multi-Loop Control Structure of the Electronic Power Transformer

e lat
_ g

-~ - -

_____

99/183

MV 50H=z
System

Vs, ig... controlled via vg
=3 accordingto ~
the MV system
\ load state
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Ve

Pri N:1
. .

60Hz transformer

L1

]

@31
M

%) B
-l
-

ﬁ£5wi
S

Multi-Level or Cascaded H-Bridge Interfaces for MV Connection

Parallel Connection of Modules on the LV Side for Distribution of High Output Current

Low Total Input Voltage / Output Current Harmonics (Low Ind. Volume / Low Cap. Curr. Stress)
Cascaded H-Bridges Preferable due to Voltage Balancing Problem and Scaling of ML Converters

ETH pels
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» Classification System for Multi-Level & Multi-Cell Power Converters
- Clare/Wheeler et al. (2001)

Side A SideB

e Classification of Structures with HV (Side A) and MV (Side B) DC Link My N
e Nomenclature for Topological Arrangement XY <«

X, number of DC links on Side A (equal to number of Side A AC/DC bridge circuits)
Y, number of DC links on Side B (equal to number of Side B AC/DC bridge 01rcu1ts)

L, number of HF transformers :
M, windings per HF transformer (Side A) = AC L oeleZ]oe] L [ — W
N, windings per HF transformer (Side B) ool T * T AC

e Structure of HF Transformer Defined by L,M,N

DC AC DC AC

MpN _ 141 / / My N _ 131 / /
DC AC

AC DC
DC AC

AC DC

e Transformer Classification Independent of Number of DC Links

1EEE POWER
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» Classification System for Multi-Level & Multi-Cell Power Converters

e Structure of HF Transformer Defined by L,M,N M N _ 231 MY = 16!
A+
A A
Ak %I"
A F A TAreA ]
7
A F TAHRA

e Structure of the DC Links

AR
PRI
TR
AR

ETH %S

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Classification System for Multi-Level & Multi-Cell Power Converters

e Complete Converter Structures XMNY=6%3'3
1 unit
I
AEA -
y oC _—l__ y; AT VEC %H%I‘
L - i 7R
o' AC |I:C OJ£ oC %H%I-
I S sl | EnE i
Tunit E | A / l oc / [ % |I:D z 37plhase
? ac /1L AC '
oc AC O{ DC 4‘_[
e <MLV Y =621
ETH pals
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» UNIFLEX Project

- EU Project (2009)

Port 1 Port 2
3RV A UNIFLEX A 113kV

P P
@ Q T @ Q
pors (PIN
asv S

3-phase grid/load

H-bridge| < | PC

H-bﬁdgel}j%‘z’aczm)
H-bridge D¢ be LY s
H-bridge bC e L Yaeda
H-bﬁdge[ﬂ%’j’dd(m
H-bridge bC be LY aam
H-bﬁdgem%tvdca(m
H-bridge| T | DO Vi,
H-bridge| T | DS Vo)
H-bﬁdgel}j%:\/mm)
H-bridge DC Do Vs
H-bridge D¢ DC VM(C)

Port1

P94 X7
D |2 sty

\ I
Vo A;j_Tz -H-bridge

Vv d£4(BE H-bridge
- .
VaoseyT. | H-bridge

L 7YY

L 7YY

Port 3

104/183

3-phase grid/load

Storage elements

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

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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» UNIFLEX Project

- EU Project (2009)

DC link 1 DC link 2

4%
AC side
4(3 4

H-bridge DC-DC converter H-bridge
cell with MF transformer cell

el S N

AC side

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

1EEE POWER
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» SiC-Enabled Solid State Power Substation

- 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/\3, Modules in Parallel

| |

| { | |
K ) )l ) S, ) ) )
| |

e SiC Enabled 20kHz/1MVA “Solid State Power Substation”
e 97% Efficiency / 25% Weight / 50% Volume Reduction (Comp. to 60Hz)

1EEE POWER
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Swiss Federal Institute of Technology Zurich
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The MEGACube @ ETH Ziirich

NPC-based bridge MF transformer Mixed fullbridge
» DC-DC Converter Stage
» Module Power 166kw
» Frequency 20kHz 2kV °
» Triangular Current Mode Modulation 4|00v
800
600
= =
v 400 2
= g
= 200 &
- (=)
0
-200

Time [ps]

A Structure of the 166kW Module and MV Side Waveforms

1EEE POWER
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The MEGACube @ ETH Ziirich

» Total Power
» Frequency
» Efficiency Goal

» MV Level
» LV Level

IMW
20kHz
97%

12kV
1.2kV

Module 1

Module 2

Module 3

Module 4

Module 5

Module 6

- LV side fullbridge 1

400V

| JH}J'} Jq}—F+

okl

MF AC

Trafo. 1

MV NPC i

2kV

- LV side fullbridge 2

ok

1:n

Trafo. 2

]

(MVNPC2 |

]|
I:n

1.

LFEE GRS

- LV side fullbridge 3

Trafo. 3

[

- MVNPC 3

1:n

|

LFEE GRS

- LV side fullbridge 4

”\H‘ i ”\[g i

- Trafo. 4

[

|
12kv

MVNPC4 ——

| Ajf} L

FI"RA?A

- LV side fullbridge 5

]|
1:n

Trafo. 5

[

MV NPC5 ——

b6 55

- LV side fullbridge 6

uﬁ TS

1:n

Trafo. 6

ey

- MV NPC 6

\bh 55

1:n

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube - MOSFET-based LV Full-Bridge

e Power Rating 55kW

e Estimated Losses  0.31kW I J

e Based on Single T0-247 Devices ] 400V
e Water-Cooled L

A 55 kW Water-Cooled LV Full-Bridge
Utilized for MOSFET/IGBT Arrangement

ETH p%s

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube - IGBT-Based
LV Full-Bridge

Power Rating 83kW
Estimated Losses 0.9kW
Based on ECONOdual IGBT Module
Water-Cooled

3 43 | |

» 83 kW Water-Cooled LV Full-Bridge
Based on IGBT ECONOdual Modules

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube - MV NPC Module

Power Rating 166 kW
Estimated Losses 3.1kW

Based on ECONOdual IGBT Module
Water-Cooled

2kV

166 kW Water-Cooled MV NPC Module »
Based on ECONOdual IGBTs

Eidgendssische Technische Hochschule Ziirich : ‘; Fl
Swiss Federal Institute of Technology Zurich
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» The MEGACube - Air-Cooled Ferrite Core Transformer

Power Rating 166 kW
Estimated Losses (incl. Fan Power) 0.59 kW
Based on ECONOdual IGBT Module
Forced-Air-Cooled

A 166 kW Air-Cooled Ferrite Core Transformer

ETH p%s

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube - Water-Cooled
Nanocrystalline Transformer

e Power Rating 166 kw
e Estimated Losses 0.34kW
e Power Density 45 kW/dm?3

166 kW Water-Cooled
Nanocrystalline Core Transformer »

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube 166kW /20kHz Module

(K — A 166kW / 20kHz TCM DC-DC Converter
= 400V LV-Side / 2kV MV-Side

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGACube - Resonant 166kW / 20kHz Converter

A 166kW / 20kHz HC-DCM-SRC DC-DC Converter
400V LV-Side / 2kV MV-Side

ETH P_‘,drs

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» The MEGALink @ ETH Ziirich MY gid

=
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LV grid Module
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LV LF AC MF AC MV LF AC

e 2-Level VSI on LV Side / HC-DCM-SRC DC-DC Conversion / Multilevel MV Structure
ETH pals
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» Unidirectional DC-Link Based SST Structures
- Ronan et al. (2000) Vi Vg Vieou
yiod
- AC Input 7.2kV Input | |Isolation
Koo 5k adl lek)
- utpu / ____lf’ﬁ_, _Iv.db_ % Vours ioutt  Vous bout-
: Input [ | Isolation :-\_
Module Module [P I?cugqiit) I?c;t%u;
l _
|| Input J:::Isolation b\_ Control] | Control
f Module ! Module jrr| i(;l I:J
I ol 1 ¥
Input Isolation Output Hi ! et T e V
Made ek Ci -+t L R T I = (e 77 7 i
I S Y —— e : AC T 11— A ;) ! i % out-
LR o 1% % i ‘ d:u "L:_ e llso]ﬁ .:_ Low
: : : . : + utput Ul ation
IR K Ak 3 J—i; £ T ik KaLosh CModuicl:Il | Module .I.Jfb\_ Voltage
| ' o} i [ L ] AC
low-freqac . " Righfeqae low-freq ac Input ] Iso‘ati on e
:Modulgln___"r Module [——
v I ' ' ¢ :
e ISOP Modular Topology 1 Input ! Isolation 1
e Three-Stage (AC/DC-DC/DC-DC/AC) Approach | Stage | 1 Stage 1
ETH
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» Unidirectional DC-Link Based SST Structures

EPRI (2009) Std. Building Block, 25kVA

T "7 73200VDC, I3200VDC " 4
#ji#_5== : # ¥f . Lff |
- ACInput 8.6kV (15kV, ) Bl i‘}i%
. ACoutput  120V/240V HET TR  ef|r [ 5t
15 if#iﬁlr_\_% T 12%?“6
BET T8 aggt L | [ 4
Ral | }}_Jg <} 1}
1% iq‘i!}_‘j I

e 100kVA 15KV Class Intelligent Universal Transformer (IUT™)
e Development of HV Super GTO (S-GTO) as MV Switching Device / SiC Secondary Diodes
e 20kHz Series Resonant DC/DC Converter Utilizing Transformer Stray Inductance

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Unidirectional DC-Link Based SST Structures

- EPRI (2009)

Cascade Outputinverter
Converter Block Resonant Converter Block Block

e Qutline of 100kVA (4x25kVA) IUT (Pole Mount Layout, 35”H 35”W 20”D, 1050 Lbs)
e Natural Air Cooling / S-GTO Module (No Wire Bonds, 50kHz Switching Frequency Target)

ETH p%s

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Unidirectional DC-Link Based SST Structures

- Enjeti (2012)

P i Reclinieg {~ 3Level NPC Inverter with MV IGBTs

3-Phase Medium Frequency Transformer T L
(2~ winding primary & 2-winding secondary)
A

——Cr

TVeepn lemzlsc.#m s.u_l
Three phase Diode Rectifier 0

eI )

Line Froquency  24-Pulse Source 3Level
Transformer Diode Rectifier NPC Inverter

2300V or 4160V
Medium Voltage

1-phase unidirectional
AC-AC Converter

HHp
<[

v,
_:""" 3-Phase
Medium Voltage Motor

e SST Application for MV Adjustable Speed Drive (Unidirectional AC/AC Front End / 3L NPC Inverter)
e Avoids Bulky LF Transformer / DC Link and Mains Current Harmonics (Active Filter)

| 3-Phase Input Filter

lin_a_itered
Va vb Ve
N

Medium Voltage, 3-Phase 60Hz AC

7T
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» Unidirectional DC-Link Based SST Structures

- Enjeti (2012)

Line F Y 36-Pulse Source S-Level NPC
Transformer Diode Rectilier Inverter

3-Phase Medium Frequency Transformer

(2- winding primary & 6- winding Y-A Secondary)izpeA

121/183

1-phase unidirectional
AC-AC Converter

D1 \03

—

51 53

lin_4 I

‘ 3-Phase Input Filter ‘

Three phase Dicde Rectifier—
Single phase IGBT Inverter
SV,

T

Vacrec <

Va+ vbé Vc+
N
Medium Voltage, 3-Phase 60Hz AC

R ot

‘AC-DC-AC
.

B

3-Phase

Medium Voltage Motor

VAY

e SST Appl. for MV Adjustable Speed Drive (Unidir. AC/AC Front End / Cascaded 2L 1ph.-Inverters)
e Avoids Bulky LF Transformer / DC Link and Mains Current Harmonics (Active Filter)

ETH
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» Unidirectional DC-Link Based SST Structures

- van der Merwe (2009)

High Voltage Low Voltage

Side : Side
11 000 v LF-ac : HF-ac | 330 v
3¢ = 10 : 1o — 3¢'
HF-ac : LF-ac

e b5-Level Series Stacked Unidir. Boost Input Stage

ETH

T10—+—+

—

erleE T
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Ao Ao
B |
Crou ... Cron

<

Main Controller

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

+ — A
3 Phase .
*Inverter :
- k vg
control -
¢:| [
Aun
Bun
Cu
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» Full Power SST Employing LF Transformers

e Basic 1ph AC chopper - J.L. Brooks (1980)
“Solid State Transformer Concept Development”

e Provides AC Voltage Regulation and Low
Sensitivity to Harmonics

e Isolation Provided with LF Transformer (Not Shown)

e 3ph ACVersion - G. Venkataramanan (1995) it

e No 4-Quadrant Switches Required ; “L x = I Z

e Isolation with LF Transformer (Not Shown) 1 x . .'
(O o I IB Rimazaa b
. : '-l[_ Y cz.r- ' X
riat Mo y e T -%'F?J

ETH pels
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» Full Power SST Employing LF Transformers

e Derived from DC Buck Converter

e J. C. Rosas-Caro (2010)

AE A
e M N
S
L
|
D CT load
L a; load
I
L 2 b_q
/I n;
L, ¢y
I
A i I
y + Vain2
Vam f———o—> Vaom2 ' ~»
1 1 Vain2
Viini p——-> Voom2 = - >
i ( Vean2
Vel f—/——m Veon2 »

Input voltage

Chopped \;oltage Output (Filtered) voltage

1EEE POWER
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- P. Bauer (1997)

@
e Electronic Tap Changer of LF Transformer
e MV Winding with Power Electronic Switched Tap.
e Two Modes of Operation:
- Single Tap Position (a -
- PWM Modulated Tap (b o 1 l 1

u v w mp2
U v w
— — == Swi  ifiiiiid jfnnnnnnnnn
ﬁz sw:nnnnnnnnn SHEE "3?1
swapiiiiiiiiiiiii Annnnnonn
Eidgendssische Technische Hochschule Ziirich ‘-‘ F;Es::gnfylﬁ:s\?:ﬁ.r: -
PowWerif ustainal Ulure

Swiss Federal Institute of Technology Zurich
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» Partial Power SST Employing LF Transformers

3
<
3
3L,
®C b1
+c Ly
P
E"' swy sw3 [\
g
3 swd' swol £
oy Pty A
+° o Ila
HIES
Ly
—

e Electronic Tap Changer — Complex Control Circuit

e Crowbar for Emergency Ride-Through

Viap
+
ll(apl Ll
D3 SaT s s
IGBT4 IGBT6
D4 — swa D6 SW6

Switching cell of the tap switching.

s A 1 1 [

—

Ny [0 sy (SN i Y o (D |

——1 |

e Commutation Sequence of the
4-Quadrant Switches

Swiss Federal Institute of Technology Zurich
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» Partial Power SST Employing LF Transformers

- Enjeti (2003)

PWM AC-AC Converter
. . Fiter AC Sy, S Fifter AC
Vs[ L ~ iy f|crmead
&,
LOAD
a
v,

e Controlled Output Voltage: V=V, + V.

e LF Isolation Transformer
ETH pels )
Eidgendssische Technische Hochschule Ziirich ‘_‘; F :EEEEEJR%EEﬁUﬂﬂI —_—

Swiss Federal Institute of Technology Zurich
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» Partial Power SST Employing LF Transformers

- Barbi (2006)

Fr VA +
[c, -l
LALAT
T 1
I }
v @ s Se g z, |:| Y
S—K} v, =0 v =0
NG, oot S| pwem | om
- S i S| pm | om
4 i Sy| prm | om -
: 5| onm Pl
: 5. on | pwm
S;| on | pwm
35| om W
v 2D0-1 ¥ D
L =1+ = e
¥, n |2 levels K 7 |3 levels

e (Controlled Output Voltage: v,=v;+ Av
e Isolation Provided with LF Transformer (Not Shown)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Partial Power SST Employing LF Transformers

a i
3
at

- Shmilovitz (2011)

- K2 and K3 = ON

Line
a’ Q g
# , _\{t:;:‘ _______________ 1 Y ¢Ll If;f—mom}' = 1_,{*.’.;{'2 ’ IJ::;.E'??Q
Lood g b TS, b oy gLe

p c' cC c i & 413

KL _*_jlll K3 - K1 and K4 = ON

LA
B Ve-'e'—moro:f' = (1 _k) ' fone
By
K2 || LLEE ke
(b 1Y

- K1 and K3 =0ON

7 _ a7, 212 re
“l-motor — 13k + 3k 'Ie'me

e Reconfigurable Auto-Transformer
e Switches K1, K2, K3 and K4 Used to Modify Output Voltage

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Partial Power SST Employing LF Transformers

- Bala (ABB 2012)

—] _— ase Hybrid Transformer
Sl ol | Eg
§ 3‘5 Circuitry for 5:‘ g:’jﬁ
Z 5 3 Precharge + g ]
& £ Protection + =
g2 8 Bypass. I —|
Primary Primary Secondary ] conroter [as]voitage Source Converter
» (nnmttlgeoov)
g creri
Q
Q
<
Option 1b FEh A A A kA
A Ty |
ARAAARA xNM' mnlﬂ'u A ARAAS
Primary TRTATRIATRTAY ll| |||||I |5’|'| UYyuy
PRV VY wwwwww
ARSRSRRRS SaESRERS

Option 1a

e Reactive Power Compensation (PFC, Active Filter, Flicker Control)
e Available DC Port (Isolated in Option 1a)
e Option 2: Controlled Output Voltage

ETH pels

Eidgendssische Technische Hochschule Ziirich ELECTRONICS SOCIETY
w I
Swiss Federal Institute of Technology Zurich e
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» Partial Power SST Employing LF Transformers

- Bala (ABB, 2012) ABB Lo Yotogs Poser Convertor Products

(== ) EEEEE GEETND
Status: STOP }
: Input J- - -' ‘Oum‘ul
‘ . 16
064 . \
- . |
Frequency l 3
L
Reference I

ABB Low Voltage Power Converter Products

Come ) T LT
o o o

[ Status: RUN

Input
Vim 387 v

e Commercial Product (ABB)

e Direct Connection of Input to Output (Bypass) or Reference

e Compensation of Inp. Voltage Sag (Contr. OQutput Voltage) —

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:TRO;IIES S‘DI:IETY
inable Future.

Swiss Federal Institute of Technology Zurich Pouwering a Sustai
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SST Concepts for Traction Applications

Railway Systems Voltage/Freq.
__ Modern Railway Systems’ Requirements
SST Concepts for Traction

EEEEEEEEE

ETH rﬁs

Eidgendssische Technische Hochschule Ziirich
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» Electric Railway Systems — A Little History

,",'..
Mlll*ﬁaéﬂ

m Siemens Electric Railway — Werner von Siemens (1879)
m Speed: 7km/h - Power: 2.2 kW - Length: 300m

1EEE POWER

Eidgendssische Technische Hochschule Ziirich : ‘; Fl ELE:TRomcs SDI:IETY —
Swiss Federal Institute of Technology Zurich R paeansisanae e
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» Electric Railway Systems — A Little History

m Electrification of European Railways - Steimel (2012)

VR
“
" NSB ®
SJ ’ :
SRR RZD i Hﬂ
2 ¢ 1
iC
RIS
PKP
; 7, ® Lz
i .
IMAY
sz SNCFR
Hz:|||[1
172
x BDZ.
HSH
OSES . [ (1CDD)
- o
L3 T ~ (CFS)LL]

[m]]mm 1AC 25kV 50hz
ACAEKV 184/, hz D no clectrifisation

Railway main-line power-supply systems in Europe

ETH

134/183

® 16 2/3Hz/15kVAC - (1912)

® 3kV DC and 1.5kV DC -

(1920)

® 50Hz/ 25kVAC - (1936)

Network line lengths and proportion of electrical railway

systems (2003)
DC 1500V 15,320 km 6.5 9|
DC 3000 V 72,105 km 30.3 %
AC 15 kV/16%, Hz 32,390 km 13.6 %
AC 25kV/50 (and 60) Hz 106,437 km 44.8 %
Others 11,350 km 4.8 %)
Total 237.600 km 100.0 %)

= 6 Turns Around the Earth (\ }

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Electric Railway Systems - Today’s Drive Scheme

m 16.7Hz 1ph.-Transformer Required to Step-Down the
Catenary Voltage to the Drive’s Operating Voltage

| | | [ | | 4‘["[ m Low Frequency Transformer

15 kv 1ph - 15% Weight of Locomotive
- e.g. for 2MW ca. 3000kg
- 90-92% Efficiency
16.7 Hz
! AC 11bC " H
| DC| [ | /ACHH

ETH

Eidgendssische Technische Hochschule Ziirich

sssssssss
; ‘ [ CLECTRONICS SOCIETY
. " : Powering a Sustainable Future
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» Trends in Modern Railway Systems

m Electric Multiple Units (EMUs)
- e.g. Under-Floor Mounted

m Weight Reduction
m Energy Efficient Railways

AC Catenary (15kV, 16%4Hz or 25kV, 50Hz)

MFT
~ a7 J_ °
m All Goals Lead to a Medium-Frequency
Rail Isolation / Conversion Syst. (Dujic 2011)
AC-DC conversion with medium frequency
transformer (MFT)

ﬁ 1EEE POWER

ELECTRONICS SOCIETY —
Powering a Sustainable Future
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» VSI Commutated Primary Converter

- Menniken (1978)
- Ostlund (1992)

Catenary

’

MV LE AC MF AC one primary converter e=15kV,16 23 Hz

*¥*¥'%%*%O:§ i qﬁw
i

1 -30kV
}H g — six primary converters |
400A | Sq \‘ 1oy

30kV

ivky | kykv .

() _Rai £ =dd

PET topology with source commutated primary

=
L

0w
=]
=
<.,
:
\
~

converter
1EEE POWER
i - < cia : ; F ELECTRONICS SOCIETY _—
Eidgendssische Technische Hochschule Ziirich ‘_‘ Powering a Sustainable Future:
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» Cascaded VSI Commutated Primary Converter

- Hugo (ABB, 2006)
- Pittermann (2008)

Catenary

MV LF AC MF AC

JG
WE} 1

I I JK.} JQ}} r
O ; ST PR R

[
LTI
L

O
=
~
@
=
=

=

—lg} —l g b 4 Fobebebod
Cell 1 WL LWL
. e EMM\;\/‘F}.‘:‘”_M. ‘A"u"':"\l"'{n\\#"":"m«
— = W Ty T
T o
: | o m s SC . - e
| I (2] sl N[ [ E RS "« ANRE N
| Chil 500V Chz 100mv  |M4.00ms A Chi 4 0.00V
Rail Ch3[ 200mv @+ 500V |
15/50.00 %
1 . Experiment: steady-state; rectifier mode; load 2 kW;
PET topolog){ with cascaded source commutated I ovhii e A et
primary converters
Eidgendssische Technische Hochschule Ziirich ‘-‘i Ezéigﬁiiia?ﬂﬂ: -
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» Cascaded Source Commutated Primary Converter

e Pittermann (2008)

- Module Power 2kW (downscaled)
- Frequency 800Hz

Eidgendssische Technische Hochschule Ziirich

1EEE POWER
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. " : Powering a Sustainable Future
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» Cascaded Source Commutated Primary Converter

e Hugo (ABB, 2006)

- Total Power  1.2MVA/15kV
- Module Power 75kW
- Frequency 400Hz

E l I ‘ 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

3 . S R poveringa Sustainable Fulure
Swiss Federal Institute of Technology Zurich
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» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages

- Steiner (Bombardier, 2007)
- Weigel (SIEMENS, 2009)

Catenary

MV LF AC MF AC

[ ]

] JH:} Jﬁ:} Jq:}

Cell 1 >
— (3f" 2 =1
| | X
T CellN =
{ ) Rail

PET topology with cascaded H-bridges and
resonant/non-resonant DC-DC stages.

ETH

Tek Run: 5.00MS/s SElmNe [Trig)

Ploaq = 700kW
o PDCDC= 350kW
100A/div
} 200us/div

\\ =

M 200[s FT2a0mV 211
ch3  1.00 vas o

Dynamic behavior of DC-DC converter

1EEE POWER
‘_‘ ELECTRONICS SOCIETY
vering a Sustainable Future
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» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages

e Weigel (SIEMENS, 2009) e Steiner (Bombardier, 2007)

- Module Power 450kW - Module Power 350kW
- Frequency 5.6kHz - Frequency 8kHz

E
:
3

m 1EEE POWER

Eidgendssische Technische Hochschule Ziirich ‘_‘ E;Eﬁﬁ'rn::lg;sﬂﬂs;ﬁ:gj:: —
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» Cascaded H-Bridges with Multi-Winding MF Transformer

e Engel (ALSTOM, 2003)

30k ‘
Catenary ‘
E 10k ‘
H >Z |

MVLFAC o . MF AC

0 30 60 90 120

Rail

PET topology with cascaded H-bridges and mullti- oo 0.1 02 1 s} 03 0.4

winding MFT

ETH rﬁs

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Cascaded H-Bridges with Multi-Winding MF Transformer

e Engel (ALSTOM, 2003)

dc-link capacitors . busbar Qdisconnectors
, - Module Power 180kW
- Frequency 5kHz

-l fitiit TE11] -
< B i 1Lt
i L TR T E‘t.w‘r’

cascade module resonant capacitors
= controller board p

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Fulure
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» Cascaded H-Bridges with Multi-Winding MF Transformer

A7 ¥ 15kV tarminal
Cascade modules o i — 1Q convertar

S5kHzx transformer
20x0.73 x0.49m)

. Transformar
‘coollng system

Glass flbre re-lnforeed plastle enclosure
{262 %212 x 0.58m}

o Taufiq (ALSTOM, 2007)

- Module Power 180kW
- Frequency 5kHz

1EEE POWER
ELECTRONICS SOCIETY —
Powering a Sustainable Future
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» Modular Multilevel Converter

- Marquardt/Glinka (SIEMENS, 2003)

Catenary

MV LEAC .

kV] 50

25 |f

Eg
%%

Rail

25
-50
‘Al 300
200
100

0
-100

PET topology using M2LC converter

ETH

O -200

-300
[kv] 2.1

2.0
1.9
1.8
1.7
1.6

M

TAAAA

V  iMerrupMon

R R
/ HCOW?‘“ L\

AN AN A A

\/\/\N\/\/V\/\/\/

0

Eidgendssische Technische Hochschule Ziirich
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e

lin

vdc_av

20m  40m 60m 80m 100m [s]
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» Modular Multilevel Converter

- Marquardt/Glinka (SIEMENS, 2003)

- Module Power 270kw
- Module Frequency = 350Hz

(on the frg de for quick reconfiguration) interface

Swiss Federal Institute of Technology Zurich
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages

e Zhao et al. (ABB, 2011)

Catenary )
MV LEAC MF AC
I 1250 p

Jf} 1 L JK‘} JK’} L N

ﬁ:} T TH— W_ -

i i +{

o 0k 5} o}
| T T o . X

Cell N 2000 [ iy

—
|
|
I -
g ; Ra|l 1000 f -t

PET topology with cascaded H-bridges and : : : i
resonant (LLC)DC-DC stages 0 02 b4 06 0 10

i

Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RDNIES su:[a‘rv

\\\\\\\\\\\\\\\\\\\\\\\\\\\

Swiss Federal Institute of Technology Zurich



"'Eh

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Power Electronic Systems 149/183
Laboratory

» Cascaded H-Bridges and Resonant LLC DC-DC Stages

e Zhao et al. (ABB, 2011)

Assembled Converter

- Module Power 170 kW
- Frequency 2kHz

LV Module
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SST Design Remarks

Current Ratings
- Cooling Considerations -
MF Transformer Design
Flux Balancing

. . . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Swiss Federal Institute of Technology Zurich Powering a Sustainable Future
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» Current Ratings — Overcurrent Requirements

132 KV Metwork
33 kY Netwoark
- typically 350 hhubf ’

3311 kY Transformer
- typically 12424 hia

11 kY Network
- typically 100 ke

e MV Transformers must Provide

Short-Circuit Currents of up to RS
40 Times Nominal Current for - typically 500-1000 ks
1.5 Seconds (EWZ, 2009) 400V Network
- typically 10 hivia
e Traction Transformers: 150% \ 1 A S
Nominal Power for 30 Seconds
(Engel 2003) _ :
Domestic, commercial, Inclustrial distribution Large Industrial distribution
. light incustrial distribution Single consumers connected to Wjor single consumers connected
[ ] Power EleCtron'ICS: Very Short Seum:l zizstgzrfo:i::emed one transformer at Hv
Tl me ConStantS ! Stage 1 Assessment Stage 2 Assessment Stage J Assessment

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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» Grid Harmonics and EMI Standards

e Medium Voltage Grid Considered Standards (Burkart, 2012)

- IEEE 519/1547
- BDEW
- CISPR

e Requirements on Switching Frequency and EMI Filtering

152/183

10 E T T T T T
PR
=107}
g 3 T~Ime S ]
510_25 @ .‘.:::-." i l gb
= g z ."':zt._ ______ s e e e e e 3
3 i |EEE 519/1547 3 =i 1 1
2107 |eva+g BDEW  EEEES b b
o 1043 a BDEW, extrapolated R U 1.
€ Elb+b CISPR 11 Atye S, =50 KVA, ITgrid [F2iissicmesiessaeass soiiieses , :
< <o+t CISPR 11 A1y S, = 50 kVA ARSI ‘—wb%
10°E |+ CISPR 11 Alye S,- 10 KVA Nersd
1076 7\ Ll L L 1 I 1 j
107 10° 10* 10° 10° 107

ETH

Frequency [Hz]
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» Semiconductor Cooling and Isolation
e 1.7kV IGBTs - Semiconductor Modules on Coldplates/Heatsinks Connected to Different
Potentials (CM Voltage Problems)

e 3.3kV or 6.5kV IGBTs - Isolation Provided by the Modules’ Substrate, No Splitting of the
Cooling System Necessary.

1.7kV IGBT H 3.3kV IGBT | 6.5kV IGBT
coldplate _31 i i
g | i |
. § J< | ! !
L | | :
I ] H !
W, J< | ! !
- | | _.| 1 |
o TR |
__ing i i IZSJ i :ZS_J i i
: i : ==: ] i = : + :
:zuré: : lzuq: H’ lzuéi L |
N P l : 1 : | |
1 - + | I =
T T
: | | [ v |
+! : T —~n = : | :

¥ J%l AR J<: & J<l | colpkteh
: | —'J: : : : | |
i : N ¢ érﬁrﬂﬁa?e_ﬂ 2 <I:_n_lc_pl_a7e_ A i
i\ _J< ] H :
- | : |
& J< l | :
! | i !
5 el i :
coldplate A coldplate A H |

: : e Hoffmann (2009)
A B i A B !
Eidgendssische Technische Hochschule Ziirich : ‘; Fl :EEEE::%;&E%?::EK
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» MF Transformer Design - Cold Plates Cooling

e Heat Conducted from Inner Parts (Winding/Cores) to
Outer Actively Cooled Coldplates

Transformer Output inductor
Heat conducting
element

Heat pipe

T Thermal surface
Heat conducting

Input inductor element

e Pavlovsky (2005)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» MF Transformer Design — Water Cooling

e Hollow Aluminum Conductor with Forced Water Cooling
e Isolation: De-Ionized Water or MIDEL

e Hoffmann (SIEMENS, 2011) e Heinemann (ABB, 2002)

Terminals
+ cable box
+ cooling channels

Cores (amorphous material) ﬂ

Bt

ETH Rels

Eidgendssische Technische Hochschule Ziirich ELEI:TRO:ICS shm:la'rv —
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» MF Transformer Design - Cold Plates/ Water Cooling

m  Nanocrystalline 160kW/20kHz Transformer (ETH, Ortiz 2013)

A 102,94

V 40

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

ETH pels

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» MF Transformer Design - Isolation

e Specially Designed Isolated Housing for High Isolation to Ground

e Steiner (Bombardier, 2007)

Insulation housing | { |® Plastic cap of HV-part
| i i A2 laminated plastic, ca. 2 mm
| (laminated plastic) \gf ( p ) (Semi-Joonducting coat
: Hield design
Slots
L0kl destgn TR Metallization
creepage distance A Zfield design

#EMC shielding

Buge: . |
s tield design - :
ALY Glass bubble filled PU

< Gictociic thickness
i i T ectr. icl
Disctiarge bafvier /- ~—— #stabilization
(Polyethylen) N[ AR R T -
#avoidance of discharges : -
along insulation surface Indentation \_Metallization
stield design s field design

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» MF Transformer Design - Isolation

e Glass-Fiber Container
Engel (ALSTOM, 2003)

15kV /I 16.7Hz
DieseI+AIternator Inverter  Diesel+Alternator<y 15 kV converter Irter DieseI+AIternator

/l-.-I-I' N e e e ee o -nvnnnl‘ M e .. l-:-\--\\\'

P — - ——— —_— - o —— Y e e | ¢ —_——
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» MF Transformer Design — Acoustic Noise Emissions

e Magnetostriction of Core Materials (Zhao, 2011)

- Nanocrystalline ~ Oppm
- Amorphous ~ 27ppm

o Other Influences from Production Processes,
Shapes and Assembly Procedures Affect the
Emitted Noise

® Acoustic Noise Emitted at 2-£ (!)
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» MF Transformer Design — Winding Arrangements

e Coaxial Cable Winding

Mounting Flanges

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

High Potential
Connection

- Low Flexibility on Turns Ratio
- Complex Terminations

Low Potential Cable boxes

Bobbin Connection

Standard MV cable

e Heinemann (2002)
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» MF Transformer Design — Winding Arrangements

e Coaxial Windings

- Tunable Leakage Inductance

- More Complex Isolation

- Total Flexibility on Turns Ratio
- Simple Terminations

e Hoffmann (2011)

e Steiner (2007)
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» Flux Balancing - DC Magnetization

» Higher Losses
» Overcurrents V(1)
» Audible Noise r

- Diff. Turn-on/Turn-off Times — 3 - i —> @<®
-VDCPJ ‘ - ; '!

- Diff. Switch On-Characteristics  w=mp ﬁ 3 5 > @>0
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» Flux Density Transducer — The Magnetic Ear

» Shared Magnetic Path between

Main and Auxiliary Core External Core
» Change in Inductance on the Shared Magentic "
Auxiliary Core is Related to the g path Main Core

Magnetization State

400
300
200 —
100

-100
-200
-300
-400

Magnetic Flux
Density [mT]
o

Auxiliary
core + winding
W-‘!

w
o

)
(%]
T
1

nN
o

Inductance [uH]

Main core

15 L L I I I | I
-200 -150 -100 -50 O 50 100 150 200

Magnetic Field [A/m]
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» Flux Density Transducer — The Magnetic Ear
» Compensation Network to Aux.
Decouple Main and Auxiliary Flux - S.Jg Corld
600 T T T T T 1 30 C:) - ::E
_ | |
= 300 z = S,J:Jy} o
g 0 5 S
3 5 =
= .300 < Aux. =)
= S:J::‘} Core 2 =
-600 - g
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- 1 _ -
= L 3 q}
5 o .
s o
v,.(1) i3
-2 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100 -
Time [ps] X X
e £ 1
et l Vg1 (D) J [] ==
8 vzm‘(T(l)
=| ) v X X
E o
i Aux. » Interleaved Operation for
Maximum Bandwidth (ETH/Ortiz, 2013)
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» Flux Density Transducer — The Magnetic Ear

» Transducer Output for Biased Magnetic

Operation

600 T T T T T T T 30
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» Closed Loop Response

- Reference Step
- Disturbance Rejection

I | I I | | [ I |
B F f -
B, (t
i D(() \BDC(t)
] ] | ] ] | | | |
0 03 06 09 1.2 15 1.8 2.1 2.4 2.7 3
Time [ms]
| | I I | | | |
BDC,E a
By (1)

| |
0 06 1.2 1.8 2.4 3 3.6 4.2 48 54 6

Time [ms]
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Conclusions

SST Limits / Application Areas
Optimization Potential
Future Research Areas

General Remarks
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» Technology Hype Cycle

m Different State of Development of SSTs for
Smart Grid and Traction Applications

Visibility
Peak of

Inflated
Expectations

SSTs for Smart Grids

Slope of
Enlightenment

SSTs for Traction Plateau of

Through of Productivity

Technology Disillusionment

Trigger Time
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» SST Limitations — Application Areas

m SST Limitations * o] *

High Performance High Performance
Low Costs High Costs
[Ideal]

Efficiency (Rel. High Losses 3-6%)

High Costs (Cost-Performance Ratio still to be Clarified

Limited Volume Reduction vs. Conv. Transf. (Factor 2-3

Limited Overload Capability perrmance |
(Reliability) o ot “gh conn
(s ]

v

Costs

m Potential Application Areas

» Applications for Volume/Weight Limited Systems where 3-4 % of Losses Could be Accepted

- Traction Vehicles

- UPS Functionality with MV Connection

- Temporary Replacement of Conv. Distribution Transformer

- Parallel Connection of LF Transformer and SST (SST Current Limit - SC Power does not Change)
- Military Applications
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» Application Areas > SST Advantages /Weaknesses

[] LFtrafo. Functionality [] LFtrafo. Functionality

[] sst [] sst !

Reliability _ kW/dm’ Reliability

kW/dm’

kw/$ kW/kg kw/$ kW/kg

Efficiency Efficiency
m Traction - LF Transf. vs. SST m Distribution - LF Transf. vs. SST
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» Main SST Optimization Potential

o Cost & Complexity Reduction by Functionality Limitation (e.g. Unidirectional Power Flow)

» Future Research Topics

Insulation Materials under MF Voltage Stress

Low Loss High Current MF Interconnections

MF Transformer Construction featuring High Insulation Voltage
Thermal Management (Air and H,0 Cooling, avoiding 0il)
“Low” Voltage SiC Devices for Efficiency Improvement

Multi-Level vs. Two-Level Topologies with SiC Switches 2> “Optimum” Number of Levels
Multi-Objective Cost / Volume /Efficiency Optimization (Pareto Surface)

SST Protection (e.g. Overvoltage)

SST Reliability

Hybrid (LF // SST) Solutions

SST vs. FACTS (Integration vs. Combination of Transformer and Power Electronics)
System-Oriented Analysis - Clarify Benefits on System Level (Balancing the Low Eff. Drawback)

pels
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» Future Research Topics

Done!

To be
Done...
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» Overall Summary

e SST is NOT a 1:1 Replacement for Conv. Distribution Transformers
e SST will NOT Replace All Conv. Distribution Transformers (even in Mid Term)
e SST Offers High Functionality BUT shows also Several Weaknesses / Limitations

—> SST Requires a Certain Application Environment (until Smart Grid is Fully Realized)
—> SST Preferably Used in LOCAL Fully SMART EEnergy Systems

@ Generation End (e.g. Nacelle of Windmills)
@ Load End - Micro- or Nanogrids (incl. Locomotives, Ships etc.)

—> Environments with Pervasive Power Electronics for Energy Flow Control (No Protection Relays etc.)
—> Environments which Could be Designed for SST Application

e “SST” is NOT AT ALL Clearly Reflecting the Actual Functionality - EEnergy Router (?)
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Thank You!
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Questions ?
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