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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

ETH

* Fixed (,=f,)
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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

1EEE POWER
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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

1EEE POWER

‘_‘;F ELEGTRONICS SUCIETY

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Powering a Sus! @ Future



=IC I~ Power Electronic Systems 9/185 —
I'— Laboratory

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)
K | I =
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i T
i 1
+ HV/MV Treosformer |
HV-Feeder | \
11
-—— 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
ETH
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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.
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NUCLEAR W LARGE-SCALE POWER PLANTS e Pt
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TRANSMISSION
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HVAC
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" AC DISTRIBUTION AC DISTRIBUTION
) - h
© nECC @ nECC
PV mmn KNIND
; HOUSEHOLD)
h £ o
o I A -
pEcc pEcc
CONSUMER CONSUMER
ELECTRONICS ELECTRONICS
PHEV LOADS PHEV LOADS
AC nanoGRID DC nanoGRID
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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
x° °N
Ay
Comm

ao—AO —oAu*
b o— e — 5 fi*
¢ o—— —C
AV b— N
Comm.
pels
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3 Terminology

McMurray
Brooks
EPRI
ABB
Borojevic
Wang

etc.

ETH

Eidgendssische Technische Hochschule Ziirich
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
u, ao_AC’ F u,*
fl l AC l fZ*
xz° °N
v
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-
u, @ AC Auz*
b o —0 B
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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
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;IIES s‘u:ﬁ'rv —
inatle Future

Swiss Federal Institute of Technology Zurich Pouwering a Sustai
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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

Powering a Sustainable Futu
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Remark

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

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

1EEE POWE!
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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
Eidgendssische Technische Hochschule Ziirich ’
Swiss Federal Institute of Technology Zurich
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Basic SST Concepts

MatrixType AC/AC Converters
Indirect Converter Topologies

. . . 1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
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3 Electronic TransformemMcMurray 1968
Yy MatrixType,=f,

22, : ' 23"

\ AN
LOW FREQUENCY ALordt. /4\ HIGH FREQUENCY T0
TO Hi6H FREQUENCY LOW FREQUENCY ALor DL,

S0LID STATE  |—| ";ﬁ" ’;‘fﬂ“ﬁ Y soup s7ATE L
ANSFORMER | | symeupanos swircwes| %P7

O—
WEUT | SYNCHRONOUS SWITCHES

. 24\
S0 STATE
ELECTROMIE
CONTROLS
4|
1dp ‘1‘ /s
. Inventor:
‘ Witlram McMurray;
) by Baats R Contpe
Y e i sothey:

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

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY
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3 Electronic TransformemMcMurray 1968
Yy MatrixType,=f,
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50% Duty Cycle Operation @ Primary and Secondary
Output Voltage Control via Phase Shift Angle

O« O«
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3 Electronic Transformer
Yy MatrixType,=f,

Pl 4 _
28 7 %
@/ .
Q2 V] o6
. 3T 7
25 29 Hp /s 4
7 7 i i
‘ e
H .
o4 o8 47
p——y a =£ 28| &
V% 33 0| o3
N g E/ 1
; voug 20— 5

26 45 ‘m}-‘dg &5

0 InverseParalleled Pairs of Twwoff Switches

ETH

OUTPYT VOLTAGE
(A5 PHASE SHIFT -LEADINE)  (83* PRASE SHIFT-LAG6ING)

SUPPLY #L0AD VOLTAGE
(0 4 /80255 SHIFT)

TRANSFORMER VIITAGE

- OUTPUT VOLTASE
(90° PHASE SHIFT)

GUTPYT VOLIAGE
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3 Electronic Transformer
Yy MatrixType,=f,
A e [ez Z{ il
’ : “A2
< il T>£l /.4;,%7‘f s “(l > "76
T P E . T
A3z .
e M%;f l >§JT € K l,,;q ﬁ\# e
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-
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2 / /’//’—_ \ i
- : : s AN
J 4 € //'// \\\\
) +4+<———/————'*2—*%3 EEm——

Fully Bidirectional / 4@ peration
Direct and Seamless Transition between the Quadrants
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3 Electronic Transformer
Yy MatrixType,=f,

St Sb3
. . — n:l e Lo .
aiI %Ci %ETeM ch'I‘Co ."t'eo %RO
PR 2P
St Sba
Y i A N
[
w1 T
«7 [1 [ 1 DT=0 «T/180

0 Harada (1996) Based on McMurray Patent

ETH
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3 Electronic Transformer

O Experimental Verification (200V/3kVA) of r\ it |
Basic Operation and Control Characteristic SN ]

Dl Si D5 86 , or -
Tr r
) N/
0 30 60 90 120 150 180
Ci Ts1 o2 s D6 ) (des)
T3 57 D7 3%
1 92W L 1
AC 200V
TS3 D4 TS7 D8

HHI

Drive circuit

Phase difference
control circuit

__+___+_-_

100V/div

1EEE POWER
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3 Direct MatrixType 1ph. AC/DC Converter

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

N I"N IL Ta
VY &7 e
uy Uy Ua
=y
YY N7
1
!
N LN la

VYYY 5757

==, [u

-—0

Targeting Traction Application

Combination of Forced Commutated VSC & Thyristor Cycloconverter

VSC Defines Transformer Voltage & Generates Thyristor Converter Commutation Voltage
Energy Flow Defined by Control Angle of Thyristor Converter !

OO« O« O¢
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- Mennicken (1978f = 200Hz)
I-Input, V-Output (McMurray)

0 Thyristor Converter
Control Anglé)="/3
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I'— Laboratory

- Mennicken (1978f = 200Hz) o LDy L2
[-Input, V-Output (McMurray) 4 * e
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3 Direct MatrixType 1ph. AC/DC Converter

Fuhrungsstromrichter ‘ Wechselspannungs = Foige = I Lastkreis
zwischenkreis = stromrichter
' transformator '
|| £
" N
——
O Lic[2
fP 0w [ [E 3}
ot
D
t%" R B
O
.
N
1L
1} ' Al
— .
tfms ——e
Steuersatz  fur Drehspannungs= SUSREY, e
mrichter
Fuhrungsstromrichter guelle mit~ Zundwinkel =
(200 Hz) einstellung

0 Experimental VerificatiofSwitching Frequendy=200Hz f,=16%/ ; Hz)
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3 Direct MatrixType 1ph. AC/DC Converter

- Ostlund (1993)

[-Input, V-Output (McMurray, Mennicken) ﬁ*
:l - o
c lk lq-(-—
-} - $  im —¢* _’I /
A 2 I é o

S |

Converter |mm

commutation of the
primary converter

0 Targeting Traction Applications

0 Novel AC Current Control Concept for Mennicken Syst.

0 Several Switchings of the VSC within Cycloconv. Cycle

0 Lower Transformer Flux Level (Size) / Requires Transformer Flux Balancing Control
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3 Direct MatrixType 1ph. AC/DC Converter

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

[
Primary converters
siX primary converters u 3] 4QC Ud :F_

400A L i
30kV

0 4
400A
30KV JF

Cascading of Primary Converters
Reduction of Thyristor Blocking Voltage Stress
Primary Winding Division for Sinusoidally Varying Staircase Voltage
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3 Direct MatrixType 1ph. AC/DC Converter

Cycloconverter Voltage Source

- Mennicken Converter .
= [ ] | 13
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- Kjaer et al. (2001)
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3 Direct MatrixType 1ph. AC/DC Converter

ZNCS
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1
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0 Commutation Cycle of the ZVS/ZCS Control Scheme Proposed by Norrga
0 Alternate Commutation of VSC and CSC
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3 Direct MatrixType 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
| — | —
| | I 11
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0 Voltage and Current Waveforms for iac>0
0 Commutation of Cycloconverter Immediately after VSC Commutation
0 ThreelLevel AC Output Voltage & Very Limited Power Flow Reversal
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3 Direct MatrixType 1ph. AC/DC Converter

- Norrga (2002)
I-Input, V-Output A |
Ud _; ! P
! u N X
bt ‘ A—@_—::":g Ni_. 'enhir’i
T "ﬂk__j j“ | |
— b ER :
_Ud

. 20 3 45 6

0 VSC Quastesonant Commutation Ensuring ZVS for Low Load (Current Insufficient for ZVS)
0 Transformer Primary Winding Short Circuits by Cycloconverter During VSC Commutation
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3 Direct MatrixType 1ph. AC/DC Converter

- Norrga (2002)
|-Input, V-Output
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0 Simulation Results and Extension to MV Input (Norrga, 2002)
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3 Direct MatrixType 1ph. AC/DC Converter

- Ladoux (1998) Cunrent source foverter ----Voltage source foverter____
I-Input, V-Output (McMurray, Mennicken) i ! g g
s i %THY‘I ;‘ZYH\H i EO—IH} THD1 D—l THD4 i \1/ id
1in ; b g ! : i
. | |

@ Vo : . 1\\/% ! =
;z ,¥ aﬁ}m H;J]Esm

15KV 164z 29

Or 25kV 50Kz l I
‘g Medium Frequency 0C Bus l R Controlled
Tum on
W\ Tae ac T De
- =:E I v Spontaneous turn off
i, | oc || AC G __1 atl=0

PWM Voltage Source
. l \v Controlled Tum off
] B A\
G \%
© Spontaneous

N Stages

Inverter
turnonatv =20

Dual Thyristor commutation mode.

0 Targeting Traction Applications
0 Dual Structure Association (VSC & CSC) & Phase Control & Dual Thyristor Control (ZVS)
0

Soft Commutation of All Switches
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3 Direct MatrixType 1ph. AC/DC Converter

- Ladoux (1998)
I-Input, V-Output (McMurray, Mennicken)
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Current source inverter Voltage source inverter E
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Alternate Commutation of VSC and £3Tatural Switching of CSI Dual Thyristors / So&mmuit.
Transformer Magnetizing Current for Supporting ZVS at Light Load or

QuasiResonant Commutation (Short Circuit of CSI during VSC Commutation)

Simplified Control SchemeTwo Level Voltagg,vs. Thred.evel Contr. (Norrga)
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3 Direct MatrixType 1ph. AC/AC Converter

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

: gwc . [ JE ] X l" o
@ ®) PO == T S s I i N
‘Ig SW4 ‘Ig w2 -I SW4 _'giswg' T : r—| —] “‘:m ~\ - ) / \ /\ .................

4 ] 1 3 G- s N s b NN
aaaaaaa A I N gl A - \.,_, IS
©

o f,=1,

0 Input Power = Output Power (and No Reactive Power Control)

0 Same Switching Frequency of Primary and Secondary Side Converter

0 Power Transfer / Outp. Volt. Contr. by Phase #hoftPrimary & Sec. Side Conv. (McMurray)

0 d=0 (shown) Allows to Omit Output Filter Ind. {@utput), But does Not Allow Output Control
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3 Direct MatrixType 1ph. AC/AC Converter

- Enjeti (V-Input, V-Output,d = 0,1997)
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Realization of Matrix Stages with Conventional IGBT Modules
Cascaded Converter Input Stages for High Input Voltage Requirement
Single Transformer / Split Winding Guarantees Equal Voltage Sharing
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3 Direct MatrixType 1ph. AC/AC Converter

- Kimball (Vlnput, V—Output, 2009) Primary

Bridge

Secondary
Bridge

Transformer
Current

Primary
Bridge
Secondary
Bridge
Transformer
Current
(j) fl: f2 . Negative Power Flow
0 Input Power = Output Power (and No Reactive Power Control)
0 1ph. AC/AC ZVS Dual Active Bridge (DAB) Con{¥d#tage Impressed @ Inp. & Output)
0 Power Transfer / Output Voltage Contr. by Phase &bifPrimary & Sec. Bridge Operation
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3 Direct MatrixType 1ph. AC/AC Converter

- Kimball (\Input, V-Output, 2009) P
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vollage transfer ratio
L=}

VS Strategy
VS Range Dependent on Load Condition & Voltage Transfer Ratio (Stray Ind. as Design Paramete
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3 Direct MatrixType 1ph. AC/AC Converter

46/185
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0 Topological Variation of the Basic 1ph. AC/AC DAB Topology
0 ThreelLevel Input Stage, Centdiap Secondary Winding Rectifler Stage
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3 Direct MatrixType 1ph. AC/AC Converter

- Yang (Mnput, I-Output, 2009)
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0 Six Conduction States within a Pulse Period
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3 Direct MatrixType 1ph. AC/DC Converter

_ \[;'rl?]%ilé %‘Ea)lut(gl?tl 1) AC trolley line DC trolley line

MVF MVC MFT

U

Le

CFI

W\
3

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 MultiStep Commutation of Primary Side Matrix Conv.

Conceptual Relation of Control Concept to Ost{Bnich.: 400Hz, Sek.: 2.5kHz)
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3 Direct MatrixType 1ph. AC/DC Converter

Primary

- Drabek et al. (Mnput, V-Output , 2011) Matrix Secondary
AC Trolley Line Converters Voltage-Source
— Active Rectifier
1275, VSR
I 1t J L _SE'I
AN } é K—}L {T
Ut -| —O
Ut i -—n
- 400Hz . Yul
u S,-5 ---
Synchronization )@ fMC =400Hz F T S-S, v
with trolley (0] Zero crossing — .
line voltage T Switching Switching
I logic MC logic
l P g (4-step commutation, vy
3 Deterministic

switching
sequence 400 Hz

generator |1 E
| | t
-1

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

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

Primary TekStop | [ i ]
Matrix Secondary I S S s
AC Trolley Line Converters Voltage-Source . . . . (1] .
— Active Rectifier ks

Rl

Synchronization|
with trolley
line voltage

Switching
logic MC
step commutation

Deterministic

switchin n’# \% lﬁ( rHli *'ﬂ, o 'fg"l Jﬁ&‘ 133’;
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0 Experimental Analysis
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3 Indirect MatrixType 1ph. AC/DC Converter

- Weiss (FHnput, V-Output, 1985)

VSI
1637—.*(2, 15 kv AMS .
2
AR -
Z
Ly | 7“?} i _”_73_052 0,
Yo, ¢, 0,¥
5 Ly Ly
: —f DC/DC Boost
Converter
e Py
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ax Tl L |w '
] 5 7, Ly

PWM
inverter|

jH.
H M

0 AC/DC (Rectifier Bridge, No Output Capacitor) and Subsequent MF AC Voltage Generation
0 Secondary Side Rectifier and DC/DC Boost Converter for Sinusoidal Current Shaping
0 Switching Frequendy= 400Hz
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3 Indirect MatrixType 1ph. AC/AC Converter

- Lipo (MInput, I-Output, 2010)

_AC Input Voltage
Rectifier Output Voltage
Transformer Input Voltage

Spectrum of Transformer Voltage -
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Frequency (kHz)

AC/DC Input Stage (Bidir. FWave Fundamental Frequ. GTO Rect. Bridge, No Output Capacitor)
Subsequent DC/DC Conversion & DC/AC Conversion (Demodyiatipn,

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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3 Indirect MatrixType 1ph. AC/AC Converter

- Lipo (MInput, I-Output, 2010)
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0 Multi-Step Commutation of GTO Input Stage (at Mains Voltage Zero Crossings)
0 Commutation Considers DC Link Current Direction and Input VdRalzity
0 Same Gate Signals for Diagonal ThyristoyS3§; (G,,G), (Gs5,G), (G4, &)
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3 DCLink Type (Indirect) 1ph. AC/AC Converter
0 AC/DC, DC/IDC DC/AC Topologies
0 Dual Act. BridgdBased DC//DC Conv. (Phase Shift Contr. Relates Back to Thyr. Inv. / McMurray)
w% % N |LVAC
_ NHEEE Sy L
Rectfier e oo DC:DC Dual Active Bridge ... ypgy' DoublePhaselnveter  LCFiter |
3 : Lo .
LG D e & b [ BB B[
L = Loar % i PR
Grid m\_g l -l
é:ll— %‘Sl— 1 45}; éj% zE‘EiH 1 {gs 4@ T
: Ly
i (Ayyanar, 2010)
w% 7%7 %m
] T -
& Alternatives: AC//DC DC/AC Topologies S E_ S
AC/DC DC/IAC Topologies —] —
ETH pes
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High-Power DOC
Conversion
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3 DualActiveBridge (DAB)
- DeDoncker (1991)
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| |+
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0 Two Voltage Sources Linked by an Inductor
0 Operated at Medium/High Frequencies

ETH

Vi vi:O

Fundamental model of the dual bridge dc/dc converter.
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3 DAB, Common Bridge Configurations

Yy Half-Bridge Configuration
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0 Two Voltage Levels from Each Side

0 Three Voltage Levels from Each Side
(Additional Freewheeling State)
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3 DAB, Common Bridge Configurations

Y NeutratPointClamped (NPC) Configuration

0 ThreeVoltage Levels from Each Side
0 VoltageDoubler Behavior

|
|

|
|

Fy
Uy Ury
HERY Y J A HE
J J
Yy NPC / FuiBridge Configuration
- |
Unv = Uy
_ SEE
0 Suitable for Higher MV/LV Ratios
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3 DAB, PhaseShift Modulation

y" Power Transfer Controlled through Ph&dft between Bridges
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_]<-¢+: . 10- s Fundamental model (d=1)
: P ;1 ‘ Actual model (d=1)
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Comparison of the output power versus ¢, at d = 1, from the
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3 DAB, PhaseShift Modulation

Yy In a Certain Range JIAwitching Transitions done in ZVS Conditions

A
Vi .
P v >
<o 2.0
1 , i soft-switching d=25
[ Y% : hard-switching
v H b— =
] w 1 d=20
' . ; 1.3 { Input Bridge
Z-VO : ; i Boundary
: N : = d=15
’ A ': 210
p ‘.ﬁ 5 \-\: i < =10
é | i 0.5
M AE/I =0.5
i : > Output Bridge
/ : V ! I 0.0 Boundary
| v ‘ : _ T T 1
; o | 0 30 60 90
\ /\ / @ (deg)
o 9 N m N 213: oot
T T 7 ivodem - Soft Switching Range
Dl o TL Tl D210 T2 T Input
D4 10 T4 T4 D3T3 ™ Bridge
D2wT DI DloTr D2 OQutput
D3 0 13 D4’ D40 TH D¥ Bridge
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3 DAB, PhaseShift / Duty-Cycle Modulation

Additional Degrees of Freedom can be
Utilized to Optimize Targeted Criteria

“ e . Vaci
0 E.g. Minimize RMS Currents for 300V 30A
Minimum Conduction Losses TR o T
(ETH, Krismer, 2012) 200V |- /,A\ : 20A
D\, Dy, ¢/ 100V E ; 7 \ i 10A
| | P N\
0.5 5 v / N\
/E oAt oin 0V [ : { 0A
| | _ I |
0.4 | ! L[ ! : \ :
/ L / 100V | 1 L N /i 10A
A | 100V Y el
. = | : I
A1 | 200V |- \ . ~ 20A
02 \ | . | | Eeeepeemeedenenes e
| I | | 1
0.1 // _— ; i -300V |- : = 1 -30A
V TC™ ! oT™ | cPm : | [ ‘ :
ol ! "l i [ — % .
0 ! Pamax 2 Popimax  Prax - P1kW 0 ¢ Hh f4:T5/2 Is 1|,lS Ig t; ts=Tq
0 Not Possible in HalBridge Configuration
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3 DAB, TriangularCurrent Mode

y" Duty-Cycles and Phasghift Utilized to perform ZCS Switching

I, o J
UMV ' I" — ULV
N1i| N,
J J
|
L
300V A“'/
200V /
---/- R \ (F! " Vacz
100V :
ov
-100V \ 7/
2200V : \ /
T]:DITSE T, T \
—
2300V ! 5 \
1| 11 |
T |
0 5] Ts/2 Ius Ts

0 Inductor Voltage
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2VS on 6\92%‘; ZCS on MV
LV Side\ and LV Sides
|
.
300V [N
AN
200V / \
/ mbaa- \ (n " Vacz
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\ Y
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-100V \ 4
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3 ThreePhase DAB

- De Doncker (1991)

Phase-shifted

v v
K I 37 o
1 /3 /s L - N 5
al — AT—a
lap +vap || Vas +
—_—
v i b AT | v, g
/ / Transformer /2_ /4'/ ¢ :;3:‘- v T
Iz |4 I6 l ] i 1:2'3:4:5: 6! Modeno. |
Source  Input Input Output Output  Load R RN Input
Filter Bridge ) T Bridge Filter T e T BB B Brdge
I = -I DT or D1 DI oI D OutpuY
ps | po | b | Do [pate| D Bridge
IGBT ps | o5 |psas| be | ps | De

(a) ®)
(a) Three-phase dual active bridge dc/dc converter, Topology C;
(b) idealized operating waveforms for topology C.

y* ZVS of All Devices within Certain Power Range
y' ZCS Only Possible at One Operating Point
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3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIODCMSRC)
y" Power Supplies for RobotRWTH (Esser, 1991)

A\

i (i vzl
o |szf31{—

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-

OEnergy Transfer Througl ters Arm Jo
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3 Half-Cycle DiscorfCond-Mode Serie®Res:-Conv. (HIOCMSRC)

Yy Operating Principle: Resonant FrequendySwitching Frequency

1000 V YAV 200 A
Virv. |}
500 VI j 100 A
0 e——f— 0
~500V ~ ~100 A
~1000 V - - - of
0 5 T 7 2n
1.0 o * \ 4 0
éc’" . Jl:'} R, C L
5 —] |—| 3
é 0.6 UMV +__ * ¢ __+ [] ULV
§ " NN, R|]
53 53 1
[ 0
0.4 [X] 08 1.0 1.2 1.4 16 1.8 2.0
FREQUENCY/RESONANT FREQUENCY
0 At Resonant Frequency, the Input/Output Voltage Ratio is Unity (Steigerwald, 1988)
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3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIODCMSRC)

y" Equivalent Circuit for Transient Analysis (Esser, 1991)

: + ., —
’LV.avg /n B Lr.eq R req ,
—O——————¢ F . } T
% i < L.=—L
2
C) nVy == [] }?2 Rioad Rr — TC_R
eq 8
125A _ irave(1) T /2
100 A i _
75A I (1)
« . o S0A
o Output VoltageisNaVi,An f or o5,
Any Output Power 0 e §
to fo+1ms fo+2ms to+3ms
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3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIODCMSRC)

Sul:‘} .s;J

ok

gy

o

Ity

i

HV module

Transformer

SUKB

}_

Uy

LV module

Yy LLC Structure to Reduce Switching Losses
y* ZeraCurrentSwitching of All Devices
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3 Half-Cycle DiscorfCond-Mode Serie®Res:-Conv. (HIOCMSRC)

- ETH (Huber, 2013)

y' Efficiency / PoweDensity
OptimizationA Pareto Front

Yy Operating Frequency Used as
Free Parameter

0 HGDCMSRC is Suitable
for Reaching High Efficiency

O Optimum £for 99%

Efficiencyis6 n 8 Kk Hz

ETH

100 .
pareto front

99 —
z
= i
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97 ha A LTI PYPY 1 1 |
16.4 32.8 49.2 65.6 81.9
power density [W/in’]

fs [kHz] . . . e
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3 ThreePhase HOCMSRC

- RWTH (Jacobs, 2005)

S ‘ um 'iCout

I - > ‘iRL‘CTou! lioul
L I > e o RECTout Jou,
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0 Possible Power Density/Efficiency Improvement + Red. DC Filtering
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3 AC/DC Converter with DAB

- KULeuven (Everts, 2012, presented for LV Applications)

Synchronous AC-side HF Active bridge: Active bridge:  DC-side HF and LF
—r_t%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:
T 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

0

( 'Secondary side )

[ iy s, ] Bidirectional DAB DC/DC converter

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

‘

0 Direct MVAC to LADC Conversion (No Constant VoltageD@\Link)

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

Pows a Sustainable Futu
Swiss Federal Institute of Technology Zurich owering a Sustainable Future




=IC I~ Power Electronic Systems 71/185
==l Laboratory

ZCS/ZNVS of IGBTs——
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3 ZCS and ZVS of IGBTs

3 Analysis of IGBT Losses under ZCS

Conditions for the TCMAB

3 Tested on a NP£Level Structure
Based on 1.7kV IGBTs

p
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1.7kV PT IGBT Module
Based Testbench
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MV sideﬂgc Bridge

o

2kV

LV side

p NPC Bridge Leg Based on 1.7kV PT IGBTs
Conn. to MF Transf. and LV Side Bridge
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3 Operation 1600 T . . 800
_ 1200 ~ - 600 _
= * =

- - o 800 Uy _ 400 =

3 NPC Bridge Applies Full g MY i g

Positive Voltage s 40 / | 200 £
- ' ’ L 1 -200
4000 5 10 15 20 25
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2kV
LV side
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p NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future

o



“1C I Power Electronic Systems
1= Laboratory

3 Operation

3 As soon as the Current
Reaches Zero, the NPC
Bridge is Turned to

Freewheeling, achieving
ZCSon;S
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p NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV
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