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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 p6 % t yp.

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

* 400V - Public LV Grid

IRPRLIN (el |
! - g N H=15h e

- Voltage Transf. Ratio * Fixed w | Tl m- ® o~ -t
- Current Transf. Ratio * Fixed ! l | l >IN,
- Active Power Transf. * Fixed (=R) 5 N, iR N, £
- React. Power Transf. * Fixed Q=Q) © °

- 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

P
Construction Volume A, A, =3 3

o W,
" “ k ']rms max f

Pu. Rated Power

H. Window Utilization Factor
BmaX' Flux Density Amplitude

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

> ooooooo

a No Controllability
o Low Mains Frequency Results in Large Weight / Volume

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELE:TRONIcs SDI:IETY —

Swiss Federal Institute of Technology Zurich Fowerinaa
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3 Classical TransformeBasics

- Scaling ofCore Losses

Feo. fp( Fyv
(o7 )13oc1

C ore l

- Scaling oNVinding Losses

P, ocI’Roc > 2%
s 1 KA
Pde o ;

Wdg

0 Higher Relative Volumes (Lower kVA)Allow to Achieve Higher Efficiencies

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Classical / Next Generation
Locomotives

j L ) i IEEE POWER
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3 Classical Locomotives

- Catenary Voltage 15kV or 25kV

1
2 - . _
- Frequency 164/ ;Hz or 50Hz i =
- Power Level l1pl0oMW typ. I~ N\J7
i h 1 3~
Loco Coollng Fans Cirouit
Compressor Main Rectifier Breaker IPETEETHR
Elattery [1 “'II | o 1 1
| OC Link | )
hlotor Ellowers \ | ] LET
¥ Inverter
\ @ . o T+ >+
] ..\ m 1 4
Aux]iliary . \\,
Rectifier  asdiiary Main Transformer Ade Brush  3-Phase AC Motors
3-Phase AC Motors Inrerter To other 3-phase

0 Transformer:

Efficiency

Current Density

Power Den
ETH

AC motars

9 0 p 9 fdae to Restr. Vol., 99% typ. for Distr. Transf.)
6 A/mn¥ (2A/mm? typ Distribution Transformer)
2u4d4 kg

Sity | kV

1EEE POWER

s

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ELEETRDNIES SUE[ETY

Powering a Sus! @ Future



=IC I~ Power Electronic Systems 9/166 —
I'— Laboratory

3 Next Generation Locomotives

- Trends * Distributed Propulsion SystemWeight Reduction (pot. Decreases Eff.)
* Energy Efficient Rail Vehicles Loss Reduction (would Req. Higher Vol.)
* Red. of Mech. Stress on Track\Viass Reduction (pot. Decreases Eff.)

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

LFT

AR X

P
— Sk A

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 ReducticghNDVolume Reduction
El. Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid £

O« O« O¢

1EEE POWER
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¢ E ) Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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Future Smart
EE Distribution

ETH
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3 Advanced (High Power Quality) Grid Concept

- Heinemann (2001)

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

777777777

______________________

HV-Feeder
-

| Distributed Storage |
| eg Fiywheel ] Loads Office Buildings, Banks, Malls,
\

% E‘;—‘* b Hospitals, incusry....

i Secandary Substation with MV/LY Power
Electronics Transformer

! Conventienal Secon-
J dary Substation

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

O«< O¢

ETH

1EEE POWER
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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 § 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;‘
34 o — [~ HE&
s 4 3 o
_@ 12 kV\?C Bus |EM j%l_ 2 |l - E —|§
o I I S
COMM L 1 E E E E
SST 5 L = ?
400V DC Bus T—T— | 120 V AC Bus p> 2t — T >
|]j |J£L| gl— 0 = Jg
LA N J LR J - 2 % O
Z 3 ? 2 ° [ ! N
0 Bidirectional Flow of Power & Information / High Bandw. CoymDistributed Control
ETH

1EEE POWER
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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

NUCLEAR W LARGE-SCALE POWER PLANTS e Pt

COMBUSTION Feij

&1
m

HYDC
TRANSMISSION

la..J

{11 COMBUSTION

M
i

HVAC
TRANSMISSION

S

L1
5

E@

(G2 19
_E ECC _ECC

HVAC
TRANSMISSION

el
=

[
I

7
E9- uEce
4% PV ?r?rwmn @%HEV ir wmn &&'HEV
0] (0] G2l Gp
I\ \@-I\ I%I ITH \izll \Vll\
" 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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
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3 SST Functionalities

0 Protects Load from Power System Disturbance

- Voltage Harmonics / Sag Compensation
- Outage Compensation

0 Protects Power System from Load Disturbance

- Load Voltage Regulation (Load Transients, Harmonics)

- Unity Inp. Power Factor Under Reactive Load Uy
- Sinus. Inp. Curr. for Distorted / Nehin. Load f
- 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 fi
- High Efficiency

- No Fire Hazard / Contamination

ETH

o oA
“ AC *
l | 7
AC EN
1 — °N
™
+—
!
@ AC Au*
b O —o B fi*
(? O AC —o (!
AV b— N
pels

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

1EEE POWER
‘_‘ ELECTRONICS SOCIETY
v a Sustainabl ure:
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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
+—
-
u, @ AC Auz*
b o —0 B
fl AO fz
€ O ———o ('
pv ——n

pels
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3 Basic SST Structures

0 Power Conversion

- ThreeStage Power Conversion with MV and LV DC Link
- TweStage Concept with LV DC Link (Connection of Energy Storage)
- TweStage Concept with MV DC Link (Connection to HVYDC System)
- Direct or Indirect MatrixType Topologies (No Energy Storage)

MV Grid

0 Realization of 3ph. Conversion

Eakaks

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

0 Handling of Voltage & Power Levels

- Multi-Level Converters / Single Transf.

- Cascading / Parallel Connection of Modules |

- Series / Parallel Connection of Semicond. 1,

- Hybrid Combinations e
N

LV Grid

0 Medium Freq. Required for Achieving Low Weight (Low Realiz. EEfdRHigh Control Dynamics

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELEI:‘I’RO;IIES s‘u:ﬁ'rv —
inable 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 o Use lower distribution
level —insulation | may be problematic voltages
coordination (below distribution e Development of more

P class voltages) suitable semiconductor

- Losses / Efficiency aterials

- 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 FR1oss in semicon- suitable semiconductor
losses in semi- ductors materials

PREAARYSURPLY conductors e Use of low current con-
figurations

— s Mass production
/\/ P < = Cost of compo- High cost of high e Development of better
~ : i ;
- nents power switches manufacturing tech-
7 — niques
e L~ i i
z " o Oil and air cooled tech-
8 3 Cooling semi- Losses in semicon- nologies
| = 2 .
H T Hll NNl .__{ H|. o conductor com- ductor switches * Reduce losses in semi-
% T 2 ponents conductor switches
£ P Came 3 e Principle of ‘insulation
— ? 3 X : :
o _ - 1 X by isolation’
P _— /,,/” Isolation and No ohmic isolation e Judicious use of circuit
) o P ,\/ safety afforded by semi- breakers to isolate cir-
z conductor switches cuits
e Use amagnetic trans-
SECONDARY TO LOAD former for isolation
Component life- Loss oflife due to o Better cooling
(A) ELECTRONIC PROCESSING OF POWER (B) ELECTRONIC PROCESSING + i
CONVENTIONAL DISTRIBUTION TRANSFORMER time heat o Reduce losses

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

Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY

Powering a Sustainable Futu
Swiss Federal Institute of Technology Zurich owering a Sustainable Future
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Remark

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

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

. " : Pow aSustaina u
Swiss Federal Institute of Technology Zurich owering a Sustainable Future
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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!

R
Eidgendssische Technische Hochschule Ziirich ‘_‘;F ELEI:‘I’RO;II::S s\u:ﬁ“ —
i . " owering a Sustainatie Future:
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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/12.4Hfass

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

1EEE POWER

Eidgendssische Technische Hochschule Ziirich ‘_‘;F ELECTRONICS SOCIETY —
3 . S R poveringa Sustainable Fulure
Swiss Federal Institute of Technology Zurich
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Basic SST Concepts

Matrix-Type AC/AC Converters
DC Link Based Converter Topologies

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

. " : Pow aSustaina u
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3 Electronic TransformemMcMurray 1968
Yy MatrixType,=f,

22, : ' 23"

\ AN
LOW FREQUENCY ALordd, /4\ HIGH FREQUENCY T0
7O HI6H FREQUENCY LOW FREQUENEY Al.or DC.

S0LID STATE  |—| ";ﬁ" ’;‘fﬂ“ﬁ Y soup s7are 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

b E 3 Powering a Sustainable Future
Swiss Federal Institute of Technology Zurich
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3 Electronic TransformemMcMurray 1968
Yy MatrixType,=f,

o~
3
GUAORANT /
} L~
r
|
i
|
i
|
1
"
i
1
1
1
! .
]
{
e .

| € ! /o v £1
T s 43/ g”? ?< .
¢ & '
wsl %! 2R Sl ‘ .
(7] ~ Vi 3 V24 -T> ez + A_z _____ - -4_—'.3:—:.-‘ ————y e =
ez | \# | \' |
f6 P A — ) ! : ] ;
i 00N , o l I ! b
P —— B 77 1 ! H i ] \
) __! ' ..,..l ' \-__....! i '

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

O« O«

ETH

1EEE POWER

o
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3 Electronic Transformer
Yy MatrixType,=f,

SUPPLY +LOAD VOLTAGE
(0 4 /80255 SHIFT)
g7
’
f
]
I
\
\
\

\

\

~

N .
<,

TRANSFORMER VIITAGE

2 7 79

—t— [

&
- QUTPGT VOLTASE
(90° PHASE SHF T)
—

\
N

4t

GUTPYT VOLIAGE

0 InverseParalleled Pairs of Twwoff Switches

OUTPYT VOLTAGE
(A5 PHASE SHIFT -LEADINE)  (83* PRASE SHIFT-LAG6ING)
A
IR
f
J
/
27
=
—

ETH
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3 Electronic Transformer
Yy MatrixType,=f,
AT e [ez Z{ il
’ : “A2
< g T>£l /.4;,%7‘f s “(l z "76
T zs | E . T
A3z ,
o« bﬁ w| |* ‘L,;; <f ﬁf/‘ e
.fj'é‘ P o i
-
< ﬂ\"' e '{ :
2 / /’//’—_ \ TR
- : : s AN
J 4 € //'// \\\\
) +4+<———/————'*2—*%3 EEm——

Fully Bidirectional / 4@ peration
Direct and Seamless Transition between the Quadrants

ETH
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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

=
—
e

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Electronic Transformer

0 Experimental Verification (200V/3kVA) of
Basic Operation and Control Characteristic

bl 52 D5 56
1l Tr
Ci Ts1m TS5 ps
D3 o4 DY
1 92W L 1
AC 200V
TS3 ?4 T ? T?7 D8
Drive circuit |
Phase difference
control circuit
ETH

Eo

50

: Ei=100Vdc
40 - Ro=12.4Q

r \ n=2 §
20
1o f \

l\

0 é

0 30 60 o0 120 150 180

9 (deg)

__+___+_-_

100V/div

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Direct MatrixType 1ph. AC/DC Converter

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

VY 57 e
uy Uy Ua
= Ca
VYV &7
i §
T
N N ]A

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¢

1EEE POWER
Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS S‘DI:IE‘TY
1ole Future
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Swiss Federal Institute of Technology Zurich Powering a Sustainable Fi
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3 Direct MatrixType 1ph. AC/DC Converter

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

0 Thyristor Converter
Control Anglé)="/3

ETH

.7

e
Sy J&m %z &
T g
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UT‘I‘

Y L s
T ¢ :
7] i ——
s //“dm
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240 /us1 U2 _
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.,T 1s1=iT1 2
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| Y-
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3 Direct MatrixType 1ph. AC/DC Converter

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

D
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3 Direct MatrixType 1ph. AC/DC Converter

Fuhrungsstromrichter ‘ Wechselspannungs = Foige = l Lastkreis
zwischenkreis = stromrichter
‘ transformator 3
N
|| LS
L ~N
—
O Lk /2
T [ 4
F o ck Lk 2 ™~ Z
o i -
t%" R B
proal
.
N
1L
———
B
—
tfms ——e
Steuersatz  fur Drehspannungs= St o
Fuhrungsstromricht auEle mit Zmdwm::kel-
er (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

commutaijon 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)

(4]
Primary converters
siX primary converters u P 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
side T side

Lo

- Kjaer et al. (2001)

- Norrga (2002) ‘
._'}'irwv'\_\} k o o iy \I i ==cs\| 5 +cg
{ ac side . H% : L o
] ] 1

Extension of the Topology of MennickeW SC Capacitive Snubbers & -fOffiCycloconv. Switches
New Control Scheme Ensuring ZVS for the VSC and ZCS for the Cycloconverter (Matrix Conv.)
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3 Direct MatrixType 1ph. AC/DC Converter
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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)

[ I \ 1 1
iac e o itj \ ¥ TCS \ i TCS
+ + p
ac side y, u,. %Hg Uy, ==U, dcside
N :1 \ 1L il
Ll LI tlix ¥ Te. A e,

Q< O« O«

ETH
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Voltage and Current Waveforms for iac>0

Commutation of Cycloconverter Immediately after VSC Commutation
ThreeLevel AC Output Voltage & Very Limited Power Flow Reversal

T\

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

[

uac
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3 Direct MatrixType 1ph. AC/DC Converter

- Norrga (2002)
|-Input, V-Output A |
Ud —; | | |
! u N X
, Tﬁ Cnbl gmmr AT ;ff
g f (it ‘—@_—:ZHSE Ni__ Ie"hi l"’ !
:‘E_Lnfj [ B t
JE TR ) ﬂ [ N ' |
_Ud
1. 20 3 45 6
0 VSC Qua$tesonant 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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to inverters for
== propulsion and

oo e ]
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15kV, 16 2/3 Hz

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} THOA 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)

E|
- e
| «—V,
lin L | L] L L | L
/Vzc
Current source inverter Voltage source inverter E
| . ! , W— | —
e a | : tep -2
1 I H |
. i THV1 ﬁwa | i"‘te} THO! R o ! \l' iy _— e
i : b : | ° E
in | : ;c ! Bl L B y .
Vo ! | AV, =
- . = ! T 2 9
E i i : “— =
E THY4 THY2 ! todl, Tnps K F oz !
! D%Z ; ; ' THDI1-THD2 THD3 THD4 | THD1 THD2 | THD3-THD4 |
R e : —+— v [ THYI-THY2 | THY3 THY4 |
1
- T 2n

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 Voltagé, 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 ~\ - ) / \ /\ .................

] ] | S . s E s O A
sssssss | s B N \\m N
©

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 (Input, V-Output,d = 0,1997)

INPUT
]

8-

|

4 W4
_|

QUTPUT

_‘ sW2
_I

O« O« O«
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OUTPUT
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B
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A o

S SW4

Nl_-g:

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(¥aitage Impressed @ Inp. & Output)
0 Power Transfer / Output Voltage Contr. by Phase &lftPrimary & Sec. Bridge Operation
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3 Direct MatrixType 1ph. AC/AC Converter

- Kimball (\Input, V-Output, 2009) P

2000 -

Volts
=

—2000 -
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{=1
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time / sec
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O = 1 AL ok

S : : : : : —— = 2.4 pu s2p
: : : : : : — = 36 pU
o5 i i i i i T i

-40 30 20 10 0 10 20 30 40 Switch Interval | ZVS Transient Switch Interval Il
Phase Shift / degree

0 ZVS Strategy
0 ZVS Range Dependent on Load Condition & Voltage Transfer Ratio (Stray Ind. as Design Paramete

voltage transfer ratio
L=}
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3 Direct MatrixType 1ph. AC/AC Converter

45/166

- Yang (Mnput, I-Output, 2009) W U Ue
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0 Topological Variation of the Basic 1ph. AC/AC DAB Topology
0 ThreelLevel Input Stage, Centdrap Secondary Winding Rectifier Stage
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3 Direct MatrixType 1ph. AC/AC Converter

- Yang (Mnput, I-Output, 2009)

4 fo. SM{ADen +U

o s o

:
i S & Sal] 40,

mode 3

Mﬁ__’fm Sﬂi’-‘m 0
c s jor S;‘E{ 1D

Suf § 3 oo Saf] {5 f0
R Sm{i 7E ¥ D sn‘\, Dft

[
: Do D St s,d Do Sl
- saf] § 8u [Dr sad

Sl Sl 4
Ce Sﬂ{jm Sui #Dw
ﬁﬂm m}cz[),

mode 4 mode 6

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{éman.: 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
Vi VSR
I 1t J L I_S'E'I
AN } é K—}L {T
Ut -| —O
Ut il I
L 400Hz R
u S,-5 ---
Synchronization )@ fMC =400Hz F T S-S, 1
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’;
- 1; *?f'.k H. ﬁ.‘ﬂ& ™ #1 ]

generator |if A, | k=

bl - T L TR
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ii[50.00 %

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 I 7'(0‘3 i _”_73_‘*52 D,
Yo, ¢, 0,¥
5 Ly Ly
: —f DC/DC Boost
Converter
e Py
32 L
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 -

TR EIEE:
@ l i i) E,)
{I} (b) <} <} g
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volt

IR Jﬂhmﬂﬂﬂﬂﬂﬂ

300 400
Time (ms

100
Frequency (kHz)

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

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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| Gl=off G2=off G6=off GS=off
de
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> END <

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 —] —
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High-Power DOC
Conversion
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3 DualActiveBridge (DAB)
- DeDoncker (1991)

l —

1
1
1
1
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1
1
1
1
1 Vi—
1
1
1
1
1
1
1
1
1
1

| |+
~

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

|
|

|
|

A
Uy Ury
L I - R
J J
Yy NPC / FuiBridge Configuration
n K 0 Suitable for Higher MV/LV Ratios
Unv L+ | Uy
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3 DAB, PhaseShift Modulation
y" Power Transfer Controlled through Ph&dft between Bridges
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_]"dﬁ‘f . 10- === Fundamental model (d=1)
P [ ' Actual model (d=1)
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Comparison of the output power versus ¢, at d = 1, from the
i \ /\ I/ . fundamental model and actual model.
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prom M pem o m o Bk Calculation of Power Transfer
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3 DAB, PhaseShift Modulation

Yy In a Certain Range JIAwitching Transitions done in ZVS Conditions

A
v .
vp T >
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I ' ' ™M soft-switching d=25
H . 1% : hard-switching
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3 DAB, PhaseShift / Duty-Cycle Modulation

y" Additional Degrees of Freedom can be
Utilized to Optimize Targeted Criteria

D\, Dy, ¢/

VACI 0.5 5 | /!

300V 30A Fd o
1 o/n

wmme 1 VAQD =meeng [T R S 04 : / :
200V AN 20A o j/

1 L I
/

100V -’/ N 10A . //

0.2

| |
| |
I N |
OV iz ! TX 7 0A 0.1} | I i
L= ! : | ‘.\\ / // TCM i OTM i CPM
-100V |- : . < ¥ -10A N . -
! ! | \ / ! 0 1 Pamax 2 Popmax  Pumax  P/KW
200V |- | b \/ ________ { -20A
| | | 3 0 E.g. Minimize RMS Currents for
300V |- . - 1 -30A I .
; | L | Minimum Conduction Losses
: ! || | | (Krismer, 2012)
I I —— T J
(U th 1 1,=T5/2 15 I!J.S e t7 tg=Tg

- Not Possible in HalBridge Configuration
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3 DAB, TriangularCurrent Mode

Yy Duty-Cycles and Phashift Utilized to perform ZCS Switching

L J J
Uy ) I" = ULy
N, i| N,
J J
|
.
300V A:}
200V /
---/- e \ (F! " Vacz
100V :
ov
-100V \ / 5
200V : : \ /
T=D\Ts. | T T \
. . :
300V — ; \;
I ] 1 o |
T T |
0 1 15) Ts/2 1 1s TS

0 Inductor Voltage
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30A

20A

10A

0A

-10A

-20A

-30A

300V

ZVS on ; ZCS on MV
LV Side\ MV Side and LV Sides
|
— VACI f\
/ i, VL
/ \

200V

100V

ov

-100V

-200V

-300V

ZCS on
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\\ S ...
i \
T1=D|TSE T T3 \
! - \
I | u |
T T I
0 1 5 Ts/2 lus Ts

ZCS on MV Sid(*
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3 ThreePhase DAB

y" ZVS of All Devices within Certain Power Range

y* ZCS Only Possible at One Operating Point

Phase-shifted

v v
f I 37 o
1 /3 /s L - N 5
a = AM——a
lap +vap || Vas +
Vi = b { 1) b v, 2
c'__.rnﬂﬂ f'm". c
Transformer
(O e
Source  Input Input Output Output  Load
Filter Bridge ) T Bridge Filter
! =-|
IGBT
(a)

0 De Doncker (1991)
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H

[ 1]

PR 0t
14 31445, 61 Modeno.
DLT ul i Ti T n
T4 T4 T4 T4 mT3 ™ é:‘%u'e
TS TS | D6.Te Te T6 Te g
D2 T2 or br D o D Outpur
D4 D4 D4’ D4 ID4\Ta'| D3 Bridge
DS DS |DS.TS| 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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3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIOCMSRC)

y" Power Supplies for Robot&Esser (1991)

| ¥ 1
I {  rotatable | : :

p— _82 S1 i transformer | S2 S_l L

i 1~bridge - Inbridge !
\ converterI i converter Il

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

OEnergy Transfer Through . . = _____ .__ ... m

ETH p%s
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3 Half-Cycle DiscorfCond-Mode Serie®kes:-Conv. (HIOCMSRC)

Yy Switching Frequendy Resonant Frequency '

OUTPUT VOLTAGE/NNPUT VOLTAGE

0.4 o6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
FREQUENCY/RESONANT FREQUENCY

Series-resonant converter gain (valid for frequencies at or above
resonance only).

. .
. Jf’} R, C L f

— _ 1000 V —yor— 7477 200 A

Uwy | % 0B = ]| 500 V[ =y ! 100 A

N, RN, R 0 : 0

-

I+

J .JR} % 500 V " 11004
o o ~1000 V - ot
0 T T 3n 2n
2 2

0 At Resonant Frequency, the Input/Output Voltage Ratio is Unity (Steigerwald, 1988)

1EEE POWER

Eidgendssische Technische Hochschule Ziirich ‘_‘ ELECTRONICS SOCIETY —
b E 3 Powering a Sustainable Future

Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems

65/166 —
I'— Laboratory

3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIOCMSRC)

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

. + —
ILV.avg /n = Lr.cq R r.eq
—O0——»—% —
Vv | T =
MV ™~

C) nVy == ] n? Ricad

0|

T 125 A .
Ba =gt Ra=gR o ol 51
75 A [~ i(0)
e 50 A
y  Output Voltage is Vi,,An f or -
Any Output Power 0 .y
to fto+1ms fo+2ms to+3ms
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3 Half-Cycle DiscontCond-Mode SerieRRes-Conv. (HIOCMSRC)

Sul:‘} .s;J
H\s-l ugy |=—
S"Jli’} sﬂ%}

wi L
r L, Deh

_‘ itr v
Ly | Hpy
Transformer S UKB

}_

HV module LV module
" s A~ ' "y LCL Structure to Reduce Switching Losses
y* ZCS of All Devices

3000 .- - 200

2000 0

1000 f----f- - - -200

0
1.0

Time [ms]

1EEE POWE!
Eidgendssische Technische Hochschule Ziirich

R
; ‘; Fl ELECTRONICS SOCIETY —_—
Swiss Federal Institute of Technology Zurich

Poweringa




“1C I Power Electronic Systems
= Laboratory

67/166 —

3 ThreePhase HOCMSRC

il I il
Yy Possible Power Density/Efficiency e =
Improvement + Red. DC Filtering =

y" Jacobs (2005) B ’_Lll_

3 Iicrou Loy
Pras JE[% Frina Coon__ 1 IZS 2N 3ZSlum I

| -—- lTout.a L a
uTm,B
o

s - - c
ﬂ% —— AR 5B 6N

Iyose Leps
o .
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3 AC/DC Converter with DAB

y Everts (2012)
y" Direct MVAC to LADC Conversion (no NDC Stage)

Synchronous AC-side HF Active bridge: Active bridge:  DC-side HF and LF
—r_t%tiﬂ capacitors fiill bridge fulll bridge capacitors
ipca(t) !1_.(1) Inductor and HF i(t) ipca(t) Iﬂc.z
s isolation transformer ° ¥ Vnc:
T i M i o
e W e S WY 3¢ S T, S NL3E SN IL S =
iac(?) t} Jt} G Spt S| R L I]];—(? L Sa S ()
Vacl) ol | I =
o A B Cost
L . S S - 1y’ S, S
& ok L jl;}’l "4;}1 o s ? J;};"“ —
G =T T —Hl1 T =T G,

0

( vSecondary side )

( [y S ] Bidirectional DAB DC/DC converter

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

‘ ‘ 20 ms
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ZCS/ZNVS of IGBTs——
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3 ZCS and ZVS of IGBTs

MV sideﬂgc Bridge

3 Analysis of IGBT Losses under ZCS °
Conditions for the TGMAB
3 Tested on a NPELevel Structure 2kV
Based on 1.7kV IGBTs -
LV side B
p 1.7kV PT IGBT Module p NPC Bridge Leg Based on 1.7kV PT IGBTs
Based Testbench 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
Time [ps]
2kV
LV side
ﬁ:

p NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV
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3 Operation 1600 0
_ 1200 - 600 _
= <<
‘S 800 - 400 2
o
£ 400 \ 4 200 £
= o

3 As soon as the Current 0 0

Reaches Zero, the NPC -400, 5 10 15 20 252
Bridge is Turned to Time [ps]

Freewheeling, achieving
ZCS on;S

LV side

p NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV
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3 Standard ZCS: M\LV

3 Large Current Spike
Even at Zero Current

3 Large Turfon Losses on
Turningon Device

2kV

p 1.7kV IGBT NPC bridge

ETH

Voltage [V]

Voltage [V]

p NPC Bridge Structure and Experimental Waveforms

Time [ps]

S, turn-off S, turn-on
!

Time [ps] Time [ps]

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

3 Exp. Measurement of Internal Charge W\ i
3 Dynamic Behavior of Stored Charge | .
S1 A
.
0 ~AT— loy Typ
— AT =10 AT =22
1.7kV IGBT 1400 L] L] 140
| . 1200 120
=" 1000 100 —
1kv % 800 80 §
= & 600 60 5
= 400 40
2 200 0 O
0 0
° - 200 10 11 12 21 22 23 2%

Time [us] Time [ps]

p 1.7kV IGBT Test Circuit for
Charge Behavior Analysis p Experiment used to Study Stored Charge Dynamics
(Ortiz, 2012)
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Measurement of
Stored Charge

3 Field-Stop 1.7kV IGBT
3 62mm Package

dQt) _ Q@) :
T + ks - is(t)

p Charge Control Equation to
Estimate Charge Behavior

ETH

p

Experimental Stored Charge Dynamic Analysis
on 1.7kV FS IGBT
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