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Introduction

Transformer Basics
- Future Traction Vehicles ———
Future Smart Grid
SST Concept
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3 Classical TransformeBasics

- Magnetic Core Materiat Silicon Steel / Nanocristalline / Amorphous / Ferrite
- Winding Material * Copper or Aluminium
- Insulation/Cooling * Mineral Oil or DryType

- Operating Frequency * 50/60Hz (El. Grid, Traction) orl6?/ ; Hz(Traction)

- Operating Voltage *10kV or 20 kM 6 p 3 5-kDWtyibution Grid MV Leveluf= 4 pu6 % t yp.

* 15kV or 25kV - Traction (1ph.usc= 20pu25% typ. )

* 400V - Public LV Grid

) ,NZ D ~ Do )
! - : Ny Hi=1 @2

- Voltage Transf. Ratio * Fixed w i 2 2
- Current Transf. Ratio * Fixed ! l i l 2 U,
- Active Power Transf. * Fixed (=R) 5 N, iR N, £
- React. Power Transf. * Fixed Q=0Q) ° °

- Frequency Ratio

0 MagneticCore A =-1 AUl 1 Uy
Cross Section m R fN, £
6 Winding Window A, = 21, N,
kWers
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3 Classical TransformeBasics

- Advantages

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

- Weaknesses

Voltage Drop Under Load ("‘9
Losses at No Load

Sensitivity to Harmonics

Sensitivity to DC Offset Load Imbalances
Provides No Overload Protection
Possible Fire Hazard

Environmental Concerns

gogooogoo

3 R

" kyJ f
Pu. Rated Power B

k. Window Utilization Factor
Bmax Flux Density Amplitude

Jodd Wi nding Current Density (Coo
f.u. Frequency

o]

Construction Volume A A, =
ore g

a No Controllability
a Low Mains Frequency Results in Large Weight / Volume
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3 Classical TransformeBasics

- Scaling ofCore Losses

Feo. fp( Fyv
(o7 )13oc1

C ore l

- Scaling oNVinding Losses

!
P, o«cI’Roc ]’ —%—

8 1 KA
Pde o ;

Wdg

0 Higher Relative Volumes (Lower kVA)RAllow to Achieve Higher Efficiencies
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Classical / Next Generation
Locomotives
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3 Classical Locomotives

- Catenary Voltage 15kV or 25kV
- Frequency

- Power Level l1pl0oMW

0 Transformer:

Efficiency

Current Density
Power Density

ETH

16%/ ;Hz or 50Hz
typ.

Elatlery

tdator Ellowers

1~
L\ L
i h .
Loco Coollng Fans Circuit
Compressor hzin Recﬂﬂer Breaker PETBEETR
1 '|1 I i o Il
u DG Link |
T ] fain
k] Invetter
] A 4

uxmary
Rechﬂer

3-Phase AC Motars

90
6 A/mn?
2u4

(
Kgl/

Auxmarv
Inverter

k V

Main Transfaormer / Axe Brush

To other 3-phase |
AC motars =

9 fdae to Restr. Vol., 99% typ. for Distr. Transf.)
2A/mm? typ Distribution Transformer)
g
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3 Next Generation Locomotives

- Trends * Distributed Propulsion Systely Weight Reduction (pot. Decreases Eff.)
* Energy Efficient Rail Vehiclegy, Loss Reduction (would Req. Higher Vol.)
* Red. of Mech. Stress on Traék Mass Reduction (pot. Decreases Eff.)

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

LFT MFT

VAR X kL

AGeA DC :I: AGeA AGr  AlurA DC

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

Replace Low Frequency TransformerMsdium Frequ(MF) Power Electronics Transformer (PET)
Medium Frequ. Provides Degree of FreeforAllows Loss ReductichNDVolume Reduction
El. Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid £
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Future Smart
EE Distribution
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3 Advanced (High Power Quality) Grid Concept
- Heinemann (2001)

Small Distributed

Generation Units
Set of Diswibured Resources
i ; ’f -~ } “
", -
H
.

777777777

MV DC eonnection e
M ey —
. . 4 I Small Distributed
: . Dokose] Generation Units
T N T
[ ! I I WL
b | ! ] DC Loads
g l | ; LY DC-Link -~ i {aption)
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+ HV/MV Treosformer |
HV-Feeder | \
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-—— Q ) , —4-} w |
: | MV AC Distriutlon | = o
! Ring ) S I Protected
| | N L. }"—-.——' = —._g | AC Loads
| ! i o Sl = le= - .
| MV Switchboard ! \ | I — |
—————————————— I | ' | 7 e ..
Primary Substation I ! | Disiributed Storage = ] Normal AC
i ; | e.g. Flywheel ) ] Loads Office Buildings, Banks, Malls,
i ! 1 % = e Hospitals, Industry...-
. ! | i N
MviLy ! ; T o __

Transformes ! -
ranstoren I Secandary Substation with MV/LV Power
' ! Electronics Transformer

| '
| ' Conventional Secon-
| J dary Substation

1

MV AC Distribution with DC Subsystems (LV andcaihti/lLarge Number of Distributed Resources
MF AC/AC Conv. with DC Link Coupledaayy Storaggrovide High Power Qual. for Spec. Customers
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3 FRuture Ren. Hectric EnergyDelivery &Management (FREEDM) Syst.
- Huang et al(2008)
. _ IFM=Intellig. Fault
0 SST as Enabling Technology fotten er gy | nt er net g e Management
O
- Integr. of DER (Distr. Energy Res.) 3 |
- Integr. of DES (Distr. 5torage) + Intellig. Loads \
- Enables Distrib. Intellig. through COMM 5 1 i l o
- Ensure Stability & Opt. Operation Zl_ I = J;‘
s4 o ~ 8
s 4 3 o
_@ 12 kV\?C Bus |EM j%l_ 2 |l - E —|§
o I I g
COMM L 1 E E E E
SST IS L = 9
400V DC Bus T—T— | 120 V AC Bus p> 2t — T >
I]j |J£L| gl— 0 = J@
LA N J LR J - 2 % O
@ T ko] ko] 8 - ja]
%3 § % % 1=z 5] L5
2 g 2 2 o | [ N
0 Bidirectional Flow of Power & Informatiéidigh Bandw. Comm#y Distrib. / Local Autonomous Cntrl
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3 Smart Grid Concept

Borojevic (2010)

0 Hierarchically Interconnected Hybrid Mix of
AC and DC S@rids

- Distr. Syst. of Contr. Conv. Interfaces

- Source / Load / Power Distrib. Conv.

- PicogridNanogidMicrogridGrid Structure

- Subgrid Seen as Single Electr. Load/Source
- ECCs provide Dyn. Decoupling

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

0 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.

HYDRO

HVDRO
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3 Future Subsea Distribution NetworkO&G Processing

- Devold (ABB 2012)

e | ongong | [T
al
©
@,
Q
% o
0O&G processing g.
Platform/floaters Sub e - 9‘
based Ve @
Power supply
Platf based :
ety iy
from shore 'c-:];‘g:"
ABB investing in subsea electrification & automation
solutions to enable future subsea processing * g)
o
~ . . 8
0 Transmission Over DC, No Platforms/Floater: ®
0 Longer Distances Possible
0 Subsea O&G Processing SEe
S . _ =,
0 Weight Optimized Power Electronics machine \——
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3 SST Functionalities

0 Protects Load from Power System Disturbance

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

0 Protects Power System from Load Disturbance

- Unity Inp. Power Factor Under Reactive Load

- Sinus. Inp. Curr. for Distorted / Nehin. Load

- Symmetrizes Load to the Mains

- Protection against Overload & Output Short Circ.

0 Further Characteristics

- Operates on Distribution Voltage Level (V)

- Integrates Energy Storage (Energy Buffer)

- DC Port for DER Connection

- Medium Frequency Isolatigy Low Weight / Volume
- Definable Output Frequency

- High Efficiency

- No Fire Hazard / Contamination

ETH

h

h

o oA
“ AC Wk
| | g
AO f2
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Comm.
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3 Terminology

McMurray
Brooks
EPRI
ABB
Borojevic
Wang

etc.

ETH
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Swiss Federal Institute of Technology Zurich

Electronic Transformer (1968)

Solid State Transformer (SST, 1980
Intelligent Universal Transformer (I0%
Power Electronics Transformer (PET)
Energy Control Center (ECC)

Energy Router

A
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fl l AC l fZ*
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3 Basic SST Structures

0 Power Conversion

ThreeStage Power Conversion with MV and LV DC Link

TwaStage Concept with LV DC Li@knnection of Energy Storage)
TwaeStage Concept with MV DC Link (Connection to HVDC System)
Direct or Indirect MatrixType Topologies (No Energy Storage)

MV Grid

0 Realization of 3ph. Conversion

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

0 Handling of Voltage & Power Levels
T—-ﬂ—% LV DC-link I—T] LV DC-link

5
I Vi
?

- Multi-Level Converters / Single Transf.

- Cascading / Parallel Connection of Modules |

- Series / Parallel Connection of Semicond. 1,

- Hybrid Combinations e
N

LV Grid

0 Medium FregRequired for Achievingow Weigh{Low Realiz. EffortANDHigh Control Dynamics

1EEE POWER
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Challenges of Semiconductor Control of
DIStrIbu Ion_ClaSS DeVICeS Phenomenon Basic problem Mitigation possibilities

Voltage breakdown e Use of voltage limiting

of typical semicon- devices

- H eydt (20 10) Basic impulse ductor components ® Use lower distribution
level —insulation | may be problematic voltages
coordination (below distribution e Development of more

H class voltages) suitable semiconductor

- Losses / Efficiency matesials

- R e | |ab| | |ty High power loss, Low loss switching strate-

H H H Switching losses proportional to gies (e.g., zero voltage or
= I nsu I atl on COO rd In atlo n switching frequency zero current switching)

- C Ost e Development of more
Bulk resistive FRloss in semicon- suitable semiconductor
losses in semi- ductors materials

PRBMARYSURPLY conductors o Use of low current con-
figurations
e Mass production
Cost of compo- High cost of high e Development of better
| ‘ nents power switches manufacturing tech-
niques
% r e 0Oil and air cooled tech-
g 5 Cooling semi- Losses in semicon- nologies
H pcBus —‘ Hll oA g conductor com- ductor switches e Reduce losses in semi-
) o i
g a 2 ponents conductor switches
E - 2 “anenc 5 e Principle of ‘insulation
gl — 7 _ A z ) o ) by isolation’
v /\j —_ /,/ Isolation and No ohmic isolation e Judicious use of circuit
l A s /\/ l safety afforded by semi- breakers to isolate cir-
= e conductor switches cuits
‘ j—l e Use amagnetic trans-
SRR TS i former for isolation
] Component life- Loss oflife due to o Better cooling
NELECTRON SOCEDSmO O ROWER CONVENTIONAL DISTRIBUTION TRANSFORMER time heat * Reduce losses

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

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

—— Volume / Weight Reduction & Efficiency Increase-by—
Application of HT Superconductors

. . . 1EEE POWER
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3 High Temp. Superconducting (HTS) LF Transformer for Rail Vehicles

- Specifications  1IMVA, 25kV/ 2x1389V, 50id&25%
- Current Density 21A/mn¥

- Cooling 66K (Liquid Nitrogen)
- SIEMENS / TU Darmstadt (2001) ( Power supply J 4ac 1
AC O kV to 18 kV /16,7 Hz resp. 50 Hz with T 25_}[: EZ‘:
synchronous generator & 3 phase transformer E 1) ﬁ
1 -—j | E

r i< 55

) ([~ 7 _siBAC*Double:
3 O transformer- cooling 7 1GBT. .
I [
@ transformer Pump cryostat converter|

" with LN ,-reservoir

% E and LN,-pump - 1

=R — = &

EE 2x4QC - ff

5 = [ _

g .2

P

">4/ R-L - Load
-

99% Efficiency(Significant Loss Red. vs. Conv. TransfA, Substantial Energy Saving
50% Smallethan Conv. Transformer
No Fire Hazard / Contamination and Thermal Aging

O« O« O« O«
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3 High Temp. Superconducting (HTS) LF Transformer for Grid Applications

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

Low Losses

0
0 Self Fault Current Limitation (SFCL) Function (No Active Control)
0 To be Installed in South. Calif. Edison Utility Substation 2013

ETH

1EEE POWER
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Swiss Federal Institute of Technology Zurich

rrrrrrrrrrrrrrrrrrrrrr



=IC I~ Power Electronic Systems 22/183

I'— Laboratory

Basic SST Concepts

MatrixType AC/AC Converters
Indirect Converter Topologies
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3 Electronic TransformemMcMurray 1968
Yy MatrixType,=f,

Inventor:
Witlram McMurray;

b sty Ko Coondofe
yﬁ?i; A@%

0 Electronic Transformer = HF Transf. Link & Input and Output Sold State Switching Circuits
0 AC or DC Voltage Regulation & Current Regulation/Limitation/Interruption
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