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» Classical Transformer (XFMR) — History (1)

- 1830 Henry / Faraday —  Property of Induction

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

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

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

W. 8TANLEY, Jr.
Patented Sept. 21, 1886. No. 349,611, INDUCTION COIL.

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

PCIM ETHzurich
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» Classical Transformer — History (2)

UNITED STATES PATENT OFFICE.

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

ELECTRICAL INDUCTION APPARATUS OR TRANSFORMER.

SPECIFICATION forming part of Letters Patent No, 422,746, dated March 4, 1890,
. Application filed January 8, 1800, Serial No, 336,290, (No model.)

- 1889 Dobrovolski —  3-Phase Transformer

5/205

{No Model.)

M. YON DOLIVG-DOBROWOLSKY.
ELECTRICAL INDUGTION AFPARATUS OR TRANSFORMER.

No. 422,746, Patented Mar. 4, 1800,
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- 1891 1t Complete AC System (Gen. + XFMR + Transm. + EL. Motor + Lamps, 40Hz, 25kV, 175km)
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» Valve-Controlled MF Transformer Link DC/AC Converter
- Isolated Medium Frequency Link DC/AC Converter

Fig4,
Patented Feb. 19, 1929, 1,702,402 v a0p
_ . . Q LT
UNITED STATES PATENT 'OFFICE. 32 N G e
7 Ll g T o = ST 1T
LOUIS A. HAZELTINE, OF HOBOKEN, NEW JERSEY. Lypr == .‘(':E?\E | H —‘5( [ N E—C
.. METHOD AND APPARATUS FOR mv‘nnrmsmfﬂclrn'm POWER. IR ’ = jf&—l:._:j_ 1
Original applieation ﬁlﬁiiulilﬁigli‘:ui?:s:& ;t:::in:eﬁ:: i:xllali:g.ggﬁ“ln‘.l. Div:men.l and =L [l f.,‘-r' 15':"} _-;——305‘1-
' s I
I claim: T '
1..:A system for operating an alternating- + 3 :
current motor from a source of direct-cur- e
rent power, which comprises a cascade elec- o Ea Yl
+a - 7' ] Bt L oyt ean 'I _l__l:‘[‘ j?‘ﬁ
trostatically controlled - valve converter & e
which converts ths- direct-current power ey £ [T —— _(LL T
first into high-frequency power and then l / _LJ_@@
mto low-frequency polyphase power for sup- = ffle2 g E@T T
ply to the motor, two positively connected = =l o L=
control  commutators for said valve con- ] v
verter. a seb of brushes for each of said comn- P |
mutators, and means for driving one set of S e
brushes relatively fo the other, the relative ————— s INVENTOR
niction determining the frequency supplied ‘iff ""F’;'*dﬂ'“
to the motor. ' P ’D””w““iﬁg%gﬁ
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United States Patent Office ., 5"3%
1 :

3,517,300
POWER CONVERTER CIRCUITS HAVING A
HIGH FREQUENCY LINK
William MeMurray, Schenectady, N.Y., assignor to Gen-
eral Electric Company, a corporation of New York
Filed Apr. 16, 1968, Ser. No. 721,817
Int, CL HO2m 5/16, 5/30
U8, CL 321—60 14 Claims

1968!

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits n ventor:
have a high frequency transformer link whose windings - Witliam McMurray:
are connected respectively to the load and to a D-C or Filed April 16, -1968 4 sty K G 4
low frequency A-C source through inverter configuration . y/-/?iﬂs A@%

switching circuits employing inverse-parallel pairs of con-
trolled turn-off switches (such as transistors or gate turm-
off SCR’s) as the switching devices. Filter means are
connected across the input and output terminals. By syn-
chronously rendering conductive one switching device : : —I-:i—/.!

in each of the primary and secondary side circuits, and
allernately rendering conductive another device in each //\
switching circuit, the input potential is converted to a (‘HT

high frequency wave, transformed, and reconstructed at
the output terminals. Wide range output voltage conirol
is obtained by phase shifting the turn-on of the switching ~
devices on one side with respect to those on the other l

side by 0° to 180°, and is used to effect current limiting,
current interruption, current regulation, and voltage regu-
lation.

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

!::EHIMNCA E’"lerl.Ch
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» Electronic Transformer

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

7%

Eé’g@;

3%%
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71 04 coRcuT
PHASE i
T smrrer 9o tt8

-fi=f, — Not Controllable (!)
- Voltage Adjustment by Phase Shift Control (!)
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- QUTPYT VHUTAGE

TRANSFORMER VOLTAGE (0 4 180°PHASE SWIFT)

- QHTPUT VOLTAGE
(90° PHASE SHIFT)

GUTPT VOLIAGE

(A5 PHASE SHFT -LEADINE) (3% PHASE SHIF T-LAGEINE)
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 No. 4, JULY/avGUsT 1971 |<€— 1 9 7 1 451

The Thyristor Electronic Transformer: a Power

Converter Using a High-Frequency Link

WILLIAM McMURRAY, SENIOR MEMBER, IEEE

LOW FREQUENCY LOW FREQUENCY
INPUT )

OQUTPUT
HIGH
FREQUENCY
TRANSFORMER c
1 |

l e ==

Al
J

HIGH FREQUENCY ig. 5. »-bri nic transformer; arrows define positive
| MM FREQUENCY | _ Fig. 5. Double-bridge electro ; p

SWITCH CONTROLS polarity of voltages and currents.

Fig. 1. « Principle of electronic transformer.

- Input / Output Isolation
- "Fixed" Voltage Transfer Ratio (!)
- Current Limitation Feature

-f=f (ZCS) Series Res. Converter Fig. 8. Transformer waveforms, dec load 10 A; search-coil voltage—
Ies 72 V/div; primary current—50 A/div; time—20 ps/div.

!::LQHIMRICA E’"ZU”Ch
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 No. 4, JULY/avGUsT 1971 |<€— 1 9 7 1 P 451

The Thyristor Electronic Transformer: a Power

Converter Using a High-Frequency Link

WILLIAM McMURRAY, SENIOR MEMBER, IEEE

Isolation Stage
Operating Frequency

\
1.2 — — —
1.0 Q_\]{‘;;
&S 0. X
/NN
/IR
WY/
~= _
ZER

0.0 '
00 05 1.0 2.0

. w
Relative Frequency o

- Input / Output Isolation

- "Fixed" Voltage Transfer Ratio (!)
- Current Limitation Feature

- = fe (ZCS) Series Res. Converter
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Fig. 5. Double-bridge electronic transformer; arrows define positive
polarity of voltages and currents.

Fig. 8. Transformer waveforms, dec load 10 A; search-coil voltage—
72 V/div; primary current—50 A/div; time—20 ps/div.
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United States Patent g

Brooks et al.

[11]
[45]

4,347,474
Aung. 31, 1982

[54] SOLID STATE REGULATED POWER
TRANSFORMER WITH WAVEFORM
CONDITIONING CAPABILITY

[75] Inventors:

[73] Assignee:

[21] Appl. No.:
[22] Filed:

James L. Brooks, Oxnard; Roger L.
Staab, Camarillo, both of Calif;;
James C, Bowers; Harry A. Nienhaus,
both of Tampa, Fla.

The United States of America as
represented by the Secretary of the
Navy, Washington, D.C,

188,419 |

Sep. 18(— 1980 )

- No Isolation (!)

- "Transformer" with Dyn. Adjustable Turns Ratio

OTHER PUBLICATIONS

11/205
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Bowers et al, “A Solid State Transformer”, PESC *80
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United States Patent [19] i} Patent Number: 5,027,264
DeDoncker et al. [45] Date of Patent:  Jun. 25,(— 1 991

[S4] POWER CONVERSION APPARATUS FOR
DC/DC CONVERSION USING DUAL ACTIVE

[75] Inventors: Rik W.DeDoncker, Niskayuna, N.Y.;
Moustansir H, Khersluwala;
Deepakraj M. Divan, both of

Madison, Wis.
[22] Filed: Sep. 29, 1989
20
Ig . /
EZJ 24>J _ 303) 32J To _
2 R U N S
A P ] 1 ' |
LR 4 | ” Yorf: ]—L_DA‘[ﬁ ! L
_ 36 VPa I ! * >
23 25y 1 Phose E j 18
ransformer A . AL ! | ! | I I
: 3 ' | |
| 1% ol L TN
| b

H |
1 I
) MOS-Controlled b ! I
= Thyristor (MCT)
| T FIG. | FIG 2

- Soft Switching in a Certain Load Range
- Power Flow Control by Phase Shift between Primary & Secondary Voltage
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» Classical Transformer — Basics (1)

- Magnetic Core Material
- Winding Material
- Insulation / Cooling

- Operating Frequency
- Operating Voltage

- Voltage Transfer Ratio

- Current Transfer Ratio

- Active Power Transfer

- Reactive Power Transfer
- Frequency Ratio

- Magnetic Core A

— _1

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

* 50/60Hz (EL. Grid, Traction) or 16 2/;Hz (Traction)
* 10kV or 20kV (6...35kV)

* 15kV or 20kV (Traction)

* 400V

* Fixed
* Fixed
* Fixed (P, = P ) Uy
& leed 01 f
* Fixed (f, = f:) 1

U

1

Cross Section

- Winding Window

PCIM
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» Classical Transformer — Basics (2)
- Advantages

* Relatively Inexpensive

 Highly Robust / Reliable

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

- Weaknesses
* Voltage Drop Under Load
e Losses at No Load
 Sensitivity to Harmonics
 Sensitivity to DC Offset Load Imbalances
* Provides No Overload Protection
e Possible Fire Hazard
e Environmental Concerns D
. _ N2 t
e (Construction Volume AC.‘oreAde_ "% J B
R Rated Power W+ rms™ max f
k, .. Window Utilization Factor (Insulation)
B... ...  FluxDensity Amplitude 4\ 4\ 4\
Jo .. Winding Current Density (Cooling)
f Frequency

* Low Frequency — Large Weight / Volume

PCIM

SOUTH AMERICA
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» Classical Transformer — Basics (2)

- Scaling of Core Losses i * ;Ek
e L. ,a'_ X __:me;_ 77’. d e

Peove fp( %pv BT
1
Core ( ) l3 o~
l
- Scaling of Winding Losses
L, |

P, ocI*RocI?
s 1 KA
Pdeoc7

Wdg

- Higher Relative Volumes (Lower kVA/m3) Allow to Achieve Higher Efficiencies

PCIM ETHzurich
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» Classical Transformer — Basics (2)

- Advantages

* Highly Robust / Reliable

Welding Transformer (Zimbabwe) — Source: http://www.africancrisis.org

PCIM ETHziirich
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Solid-State Transformers

For Future Traction Vehicles
and Smart Grid
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» Classical Locomotives

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

- Transformer Efficiency
Current Density
Power Density

PCIM

SOUTH AMERICA
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1IN 1] |° ()
i AN 3~ ‘g)

Locao Coaling Fans Cirout
Compressor I Main Rectifisr Breaker Fantogragph

+—

)
Batery | - n i il T
E‘::) . | DC Link .
Mator Bloveers tdain
~, - Invetter
@ \ ________________ s _
| N
Auxiliary _
Rectifier  ayiigry 0 T AnSTONMEE AdeBrush  3Phase AC Motors
3-Fhase AC Motors Ireerter To other 3-phaze

AC mators

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

ETH:zurich
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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, 16%Hz or 25kV, 50Hz)

LFT

MFT
VAR X Sk

AC.; > DC AC; > AC,;  ACy > DC

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

- Replace Low Frequency Transformer by Medium Freq. (MF) Power Electronics Transformer (PET)
- Medium Frequ. Provides Degree of Freedom — Allows Loss Reduction AND Volume Reduction
- EL. Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid Appl.

PCIM ETH:zurich
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» Next Generation Locomotives

- Loss Distribution of Conventional & Next Generation Locomotives

o

J

i AC
"E

1}

Il

I DC

DC
—
AC D P

A

ﬁ_ a) _ b PL a)
AC/DC —

ﬁ P, b)

AC AC DC -— AC/DC
..EE'. '—LE ——‘ gg Transformer ——
AC DC T AC —— Transformer
b)
a) b)

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

PCIM ETH:zurich
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» Next Generation Locomotives

ol o ne fi
I I M I [ 1] i i
il - -

i De - AC - :

AC AC DC
o “ 0 + M Uy
- 30
iui
AC bDC l AC f

i

- Basic Front End Converter Topologies

- Direct Matrix Converter
- Indirect Matrix Converter
- DC Link AC-DC-AC Converter

]!
e

PCIM ETH:zlrich
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» Advanced (High Power Quality) Grid Concept

- Heinemann (2001)

Smali Distributed

Generation Units
Set of Diswibuted Resources -
; i ¥
" -
) :

4

______________________

HV-Feeder
.

| Distributed Storage
| e.g Flywheel
|

I
1

Loads Office Buildings, Banks, Malls,
% E‘;—“ .- Hospitals, industry....

I Secandary Substation with MVILV Power
Elecronics Transformer

! Conventienal Secon-

I dary Substation

1

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

PCIM ETH:zurich
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» Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.
- Huang et al. (2008)

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

 Integr. of DER (Distr. Energy Res.) =z Management
* Integr. of DES (Distr. E-Storage) + Intellig. Loads % IcD
* Enables Distrib. Intellig. through COMM o\
* Ensure Stability & Opt. Operation I l I
5 — O
| — £ o
3 w = &
e 2 L.
12 kV AC Bus 8 — a
—fF}—2vgoEe G I =K HE I
© g
o« o o o
COMM [ [ ° o ¢ o
SST TN 1 | 9
400V DC Bus —T—T— | 120 V AC Bus Zl_ 2 . E J>
84 o ~ HE
ooolj see - 2 % (@]
] T k=] B - O
T R 1=z F— 5
g% O %) %) o I T <
(&) < <C

 Bidirectional Flow of Power & Information / High Bandw. Comm. — Distrib. / Local Autonomous Cntrl

PCIM ETH:zurich
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» Smart Grid Concept

- BOijEViC (2010) [ HYDE\Q IJ-’[‘I'DRO
] e -scaie povier pLants B IRCERE
® Hierarchically Interconnected Hybrid Mix of COMEUSTET T e Ta
AC and DC Sub-Grids UL @) L] e
e Distr. Syst. of Contr. Conv. Interfaces F E°° E°° H
* Source / Load / Power Distrib. Conv. ) { .
* Picogrid-Nanogid-Microgrid-Grid Structure B
* Subgrid Seen as Single Electr. Load/Source ”E°°
. ECCS prOVide Dyn. Decoupling IgFF\I }r?rWIND @%HEV i?PV )’_’)(WIND &&'HEV
* Subgrid Dispatchable by Grid Utility Operator w L ST
« Integr. of Ren. Energy Sources i CE |8 BEd
® ECC = Energy Control Center neccw . nEccw -
e Energy Routers ‘éj’i‘ﬁi'
e Continuous Bidir. Power Flow Control - -
* Enable Hierarchical Distr. Grid Control Bfinece | e Al I
* Load / Source / Data Aggregation buev | [ loans Prev | " oans
e Up- and Downstream Communic.
e Intentional / Unintentional Islanding
for Up- or Downstream Protection | micoGRID [
* etc. ‘

PCIM ETH:iirich
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» SST Functionalities

- Protects Load from Power System Disturbance

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

- Protects Power System from Load Disturbance

* Unity Inp. Power Factor Under Reactive Load

* Sinus. Inp. Curr. for Distorted / Non-Lin. Load

e Symmetrizes Load to the Mains

* Protection against Overload & Output Short Circ.

- 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

PCIM

SOUTH AMERICA
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» SST Efficiency Challenge

hi

et | c—-———— LF Isolation
n | - f=g M ' Passive (a)

S il 1 L Series Voltage Comp. (b)

"""""" a) Series AC Chopper (c)

R wr=——y I . MF Isolation
Uy o_i":" ____ =[] Ut Active Input & Output Stage (d)
o — e

——— )

P
fi L @ — ac/ac

et - | - TP T
Yo | L 5P, a)
I b by T AC =1 44— AC/AC

°—:__________! i

— . o)
Transformer —— —— Transformer

o] I>>f | o
Uy ol AC -l“lo AC i, U, A 1;2*
-fl | AC M AC B fz: fz o ae/ac

° 9 a) b) c) d)

- Medium Freq. — Higher Transf. Efficiency Partly Compensates Converter Stage Losses

PCIM ETH:zurich
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» Terminology

ol | A
u, l AC l u,*
f, " f*
x° °N
N
Comm.
+| —
McMurray Electronic Transformer (1968) Go— AC — A «
Brooks Solid-State Transformer (SST, 1980) U ! B Uy
EPRI Intelligent Universal Transformer (IUTTM) fi AC fo*
ABB Power Electronics Transformer (PET) € O] o
Borojevic Energy Control Center (ECC) |
Wang Energy Router ‘H N
etc. Comm.

PCIM ETH:zurich
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Classification of SST
Topologies

Partitioning of AC/AC Power Conversion

Partial or Full Phase Modularity
Partitioning of Medium Voltage

ETH:zurich
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AC

» Basic SST Structures (1): Partitioning —1 }[

AC DC

of AC/AC Power Conversion ! A —

EE— Ve j"[ Ac ST pe ST

[ I -

- " ! [ AC

- 1%t Degree of Freedom of Topology Selection: - - )
. . A— I Tel - AC I Do ST

* DC-Link Based Topologies — . }H[ Ry
* Direct/Indirect Matrix Converters ) - : —r
* Hybrid Combinations ~ac /oo R ol S
: pol__ |/ A j“[ AcpL

AC D¢ AC Dc
- I L]
— ini —
Il
o— Dol 1/ AC Do AC L,

1 AC DC AC I pc /T
L] " L] +

o— “ 2 —o

ol / DC AC DC I AC R,

] AC I DC }[A(" —
+ ‘mm*
o— Il —_—
- I}
o/ DC I AC AC o
N
1 AC I olel j[.i.(" — oo /T
+ ‘mm*
o— = H —o
o/ DC I AC DC AC L
| E—
| AC I DC ][_4(' I pc /T
+ ‘mm* +
Ot = H = p—0
/v T /ac pel 1| /ac .
| E—

PCIM ETH:zurich
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- 15t Degree of Freedom of Topology Selection:

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

G4
4} --
G4
= -
SERLLS
e 1-Stage Matrix-Type Topologies J‘{} G JG
« 2-Stage with MV DC Link (Connection to HVDC System) B —
e 2-Stage with LV DC Link (Connection of Energy Storage) -
» 3-Stage Power Conversion with MV and LV DC Link - ’(1} J':»}

!::LICT:HIMRICA E’"ZUI"ICh
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- 1-Stage Direct Matrix-Type
- McMurray (1968) — Electronic Transformer

22, ‘ ' N
LOW FREQUENCY ACordC. . | wsw Freguency 10
T HiGH FREQUENCY LOW FREQUREY AC or DE.
o sou/o STATE | sy rREqueny |\ o S Tare

]
SyHchRoNors Swircwes| | TRANSIORMER |\ sywemmanovs swirenes| %7707

.24\

SOLID STATE
ELECTRONIC
CONTROLS

_|'!-/J
v c[
(Hig A
[ o ” Inventor:
~ ’ Witlram McMurray;
1 2, szls Attorrey:

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

!::LE:HIMRICA E’"ZUI"ICh
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- 1-Stage Direct Matrix-Type
- McMurray (1968) — Electronic Transformer

S.M M 1 1 1 1 1 1,

- 50% Duty Cycle Operation @ Primary and Secondary Sides
- Qutput Voltage Control via Phase Shift Angle

PCIM ETH:zurich
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Laboratory

» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- 1-Stage Direct Matrix-Type R _ mm;
- Harada (1996) — Electronic Transformer 0 ;\. Ty uf
(Based on Patent from McMurray) 3

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

Dl 52 DS 6 , to \
1l Tr 1 :
é Cl% ‘ T51 D2 % E TS5 Ds

Eo (V)

il ldes)

I3 57 D7 58
142W 1 1
AC200V
TS3 D4 TS7 D8

1

Drive circuit

|

Phase difference
control circuit

100V/div
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I"— Laboratory

» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

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

- Mennicken (1978, f= 200Hz) <: ,

oL
ia:}
=] py
il e

- 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 !

PCIM ETH:zurich
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I"— Laboratory

» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

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

Fuhrungsstromrichter | Wechselspannungs = Foige = Lastkreis
Zwischenkreis = stromrichter
- transformator
~N
Il ¥
1 -_ wa .
T3 N
E| | [ ]
— - SRSk
o T T3 |75
F Ok Lyf2 4
-
l:? ||
l — Lyf2 —J
o
_—
N+ 25+
NI L‘I 6| T2
L
———y
- |
Steuersatz  fur Drehspannungs - _§Futeulg:rmsa::nc:;:r
guelle 3 ’
mit” Zundwinkel =
Fuhrungsstromrichter [200Hz) einstellung

- Experimental Verification (Switching Frequency f =200Hz, f,=162/, Hz)

PCIM ETHziirich
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Direct Matrix-Type 1ph. AC/DC Converter e
- Ostlund (1993)I-Input, V-Output (McMurray, Mennicken) ot

< N {}..“ -ij o q
i

|
b L =
i'} T six primary converters —
90} '
E W )
30001

- 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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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Direct Matrix-Type 1ph. AC/DC Converter
- Mennicken Cycloconverter Voltage Source
Converter

W ﬂ‘@ <‘ .
 Norraa - (5002) e é} il Kf —
4 43

e

9 _
f}o [ [ Ll Ti1 i
5 - i \ o o | ¥ Te, \ i Te.
. —— Y %
+
ac side 1: U:c %Hé u, U, dcside
) N, 1 il V21
L LI Lo LETe LRI ]

- Extension of the Topology of Mennicken - VSC Capacitive Snubbers & Turn-off Cycloconv. Switches
- New Control Scheme Ensuring ZVS for the VSC and ZCS for the Cycloconverter (Matrix Conv.)

PCIM ETH:zurich
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» Basic SST Structures (1): Partitioning

of AC/AC Power Conversion

- Direct Matrix-Type 1ph. AC/DC Converter
- Norrga (2002)
I-Input, V-Output (McMurray, Mennicken)

600.0

500.0 /\ ™
/ \ \
/ \\ U / \
i ‘// /‘ \
w00 T \\ / ~
< / N\ \ / / \
5 N I/ \
E 1 \
: N 3
% \;\\_\‘/ a ’/ \\\\
g |\ / \
=3 /
= 2500 \\. \ /f \\\
\ /’/ \ |
\ / N/
-500.0 f
w0 N S
2.00m5.00m 10.00m 15.00m 20.00m 25.00m 30.00m 38.00m

time(s)

- Simulation Results and Extension to MV Input
- VSC Quasi-Resonant Commutation Ensuring ZVS for Low Load (Current Insufficient for ZVS)

PCIM
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> catenary feeding

—‘ —I sub-valve n
i Or
T [T

15KV, 16 2/3 Hz

ﬁir ﬁ .

L
1

rg

_|

}“. . .
i

to inverters for
— propulsion and
auxiliary power

L
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1

-]
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

Current source inverter Voltage source inverter

- Direct Matrix-Type 1ph. AC/DC Converter
- Ladoux (1998)
I-Input, V-Output (McMurray, Mennicken)

Or 25k 507;
l N Controlled
Hectun ey v Bus Turn on
m.
- AC AC T E ] oc 5 v Sip‘o:tgneous turn off
I .—— AC o¢ T N AC —-]
W Stages { o Curman Saurce murer  \oltags Sraa invecsr PAM Volage Saurcs A\
L E ug ac T ''''' Thyristor commutation mode.
S o
— AC ,_]—_ 1
P . Controlled Tum off
g wheel-rail contact [ H p— V
Y
¢ Spontaneous

turnonatv=0

Dual Thyristor commutation mode.
- Targeting Traction Applications
- Dual Structure Association (VSC & CSC) & Phase Control & Dual Thyristor Control (ZVS)
- Soft Commutation of All Switches

PCIM ETHziirich
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I"— Laboratory

» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Direct Matrix-Type 1ph. AC/AC Converter

- Enjeti (1997) V-Input, V-Output, 8 =0
- Krishnaswami (2005) Liu (2006) V-Input, I-Output

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

§ 1k &t g
(a) ©
‘I W ‘I sh2 -I s _| swe' ) [
4 i 1 1 overs | -
woawel] [ 1 [ ]

-fi=f

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

- Same Switching Frequency of Primary and Secondary Side Converter

- Power Transfer / Outp. Volt. Contr. by Phase Shift 6 of Primary & Sec. Side Conv. (McMurray)

- 8 =0 (shown) Allows to Omit Output Filter Ind. (V-Output), But does Not Allow Output Control

PCIM ETH:zurich
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Direct Matrix-Type 1ph. AC/AC Converter
- Enjeti (1997) V-Input, V-Output, =0

.1 L -I LLE]

§- 8- 4 -

| ERARES ? iy S [
Bog| A | et T
. outpur PO OuTPUT _ 1 ] 3 1? 1%

—
al
3t
33
<
*.-.
—
AL sl®

~l

INPUT

" . ? T
| |88

ml_-:
——r
Ak
Al
3

&
-
5
s

- 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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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

input voltage
M I ! ! — | ‘
. . 2000——/—/—/—~§\—— 3 / \\ e
- Direct Matrix-Type 1ph. AC/AC Converter g o\ /N ]
- Kimball (2009)  V-Input, V-Output g N/ \ /
2000 - N BRI REACEERREIIEY &
H \‘—’/ N - /
740000 D.!:;DS 0 ;Ji 0 615 0 ;32 0.625 0.63
output voltage
! Loty
................ NN S _;",......'yf*?r.,l.’..
25 Y ) \
I SR Y N of et
............................... N
\‘m..w““fv ‘ M
05)‘15/ 062 0625 063
time / sec

voltage transfer ratio

52|

i i i i i i T
—-40 -30 —20 -10 0 10 20 30 40 Swilch Inferval | ZVS Transient Swilch Interval 1|
Phase Shift / degree

- ZVIS Strategy
- ZVS Range Dependent on Load Condition & Voltage Transfer Ratio (Stray Ind. as Design Parameter)
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

. . . /,ueu ’ J/llc ‘ U
- Direct Matrix-Type 1ph. AC/AC Converter RN A VNI, /
R O R D R a e b e
- Yang (2009) V-Input, I-Output ATATATAY ] TN / /1 / JATA
i / [ f o /
| VST 0 O OO .
lslkz B B e i o A
$a [ [ ] [ >
SH'J:L Ds Safy s Sia /m s ,
d_ _3: Saa, 87 | [ 1
SF| De Se« D=
Ca 1 ! Sia ‘ ‘ —
s .J. ,\’—Q‘T‘ Do Da L Sia || \ [ .
Sm}t Sﬂm[}iﬂ Sﬂﬂ'}E Sefy 3De e S« Sn [ ) [ .
= plin)\ I
St § SE D SR TSE mﬂ;fﬂ £ | O ik SS““" g““ -
1 1 L L D >INI l cla—Dcdal .
L¢ | N b Soa.So—7  —— — .
Sa _:’_, Sjn|l'_[)h gdﬂ_:rL Sufs 4Dx 5 e Sioe. Siow — — — N
10, i L] ‘ LL{;&;E;&_ S Y e B e
G 5;57 Dy Sal ¥ G D= i S | ]
1 L W‘ﬁ S_lltﬁ_gﬁtr Sev. San \ \ N
e s —Ss —— .
L St [— .
5,,|5J]— Die el e Srb\SQH — .
U Ih I .

- Topological Variation of the Basic 1ph. AC/AC DAB Topology
- Three-Level Input Stage, Center-Tap Secondary Winding Rectifier Stage
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Indirect Matrix-Type 1ph. AC/DC Converter
- Weiss (1985) I-Input, V-Output

re-}yz, 15 kv AMS

L KA l 7(02’

=~  DC/DC Boost

o, o, Converter
%32 .
@ NAK

OO OO

- AC/DC (Rectifier Bridge, No Output Capacitor) and Subsequent MF AC Voltage Generation
- Secondary Side Rectifier and DC/DC Boost Converter for Sinusoidal Current Shaping
- Switching Frequency f = 400Hz

PCIM ETH:zurich

SOUTH AMERICA



=1C I Power Electronic Systems 50/205

I"— Laboratory

» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Indirect Matrix-Type 1ph. AC/DC Converter
- Weiss (1985) I-Input, V-Output

X A . I
'3 DC/DC Boost
] < Vsl Converter
. X " - =‘L .
7 W Y 4 4 L1

! olll . l
||l

ta
1a
»
L
»
»

.
Il
110y

e

ta
ta
[+]

- AC/DC (Rectifier Bridge, No Output Capacitor) and Subsequent MF AC Voltage Generation
- Secondary Side Rectifier and DC/DC Boost Converter for Sinusoidal Current Shaping
- Switching Frequency f = 400Hz

PCIM ETH:zurich
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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- Indirect Matrix-Type 1ph. AC/AC Converter
- Lipo (2010) V-Input, I-Output

AC Input Voltage — *» ; é
Rectifier Output Voltage ™ [ g e
Transformer Input Voltage — ** i i
Spectrum of Transformer Voltage

volt

TR EHEP. e T
@i l I
{I} M -(} {} (©) g f[lnj ....................................................................................................................................................

‘L: ZIZZIZIIZIIZ} LEZZIZIIZIZZI;ZI ZIZZIZIIZ;,‘;IZZIZIIZIZZI,;ZIZZIZZIZIIZIZZﬁZZIZZIZIIZIIZI;;ZIZZIZZIZIIZI IAZZIZIIIZI IIZIZZIZZIZZIZIIZIZZ;ZIZZIZZIZIIZIZ

0.0 .0 4.0 6.0 30 JURY
Freanency (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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» Basic SST Structures (1): Partitioning
of AC/AC Power Conversion

- DC-link-Type (Indirect) 1ph. AC/AC Converter

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

Rectifier ~ HVDC link DC-DC Dual Active Bridge LVD% I\ipk Double-Phase Inverter LC Filter oad

ARV gronsennnnn DERG RS ACHYE PGS ..o : L
lorg ZEE” gﬁF 114: * 4%H?F ZE]ﬁF ) 4%}& {I} 4@ m
L _ = i Loan f p

Grid - E 4 4 - I— g | ] COL V_E’_' L

T IRT N NI A
] o -

- Alternatives: AC//DC  — DC/AC  Topologies HAC| thes Lvac
AC/DC  — DC//AC Topologies ST IR
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I = Laboratory

» Basic SST Structures (2): Partial or
Full Phase Modularity

- 2"d Degree of Freedom of Topology Selection:

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

— 4 /T .— o S

o/ AC AC |

— - - . o
AC [ AC

— —HE— o

ot/ AC L ! Lo’ AC -

PCIM
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| AC ——-— -1/
o—| — I@- E .
N el W | W p/yrte) I
———
T’-_- V b___ L o
A ) |/ ac
: L P
, - - .
; — _|!—‘ AC B,
A=y .
===/
——a ] AC|
”
o ” o
i BT

9

i
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» Basic SST Structures (2): Partial or
Full Phase Modularity

- Enjeti (1997) v—-—{g{.}?} - Steimel (2002)

b
5

_snnann
@E@;&w Lo

- Example of Three-Phase Integrated (Matrix)
Converter & Magn. Phase-Modular Transf. - Example of Partly Phase-Modular SST
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» Basic SST Structures (3): Partitioning
of Medium Voltage

- 37 Degree of Freedom of Topology Selection: &

- Multi-Cell and Multi-Level Approaches:

* Low Blocking Voltage Requirement

* Low Input Voltage / Output Current Harmonics
e Low Input/Output Filter Requirement

i ISOP = Input Series /
Output Parallel
Topologies “‘1

o—| —o a)
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» Basic SST Structures (3): Partitioning

of Medium Voltage Marquardt J
,71’1'1 ‘=._ J
- 3" Degree of Freedom of Topology Selection: J
- Multi-Cell and Multi-Level Approaches: I —T:%
1 + A
=U |=|_ |
Akagi McMurray
(1981) (1969)

o

u,

o——d

0 0
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» Basic SST Structures (3): Partitioning
of Medium Voltage

- Bhattacharya (2012)

-----------------------------------------------------------------------------------------------------

_1:} A _c,}ii _([}ii Eg ]i_(} y §

>
[l
Ll
el
>

G atbat |
oF < <3 | <3

DC-DC Converter

Ml
1/

&1
.
1}

- 13.8kV — 480V
- 15kV Si-IGBTs, 1200V SiC MOSFETs
- Scaled Prototype

PCIM ETH:zurich
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» Basic SST Structures (3): Partitioning
of Medium Voltage DC-DC Converter

- Akagi (2005)

- Back-to-Back Connection of MV
Mains by MF Coupling of STATCOMs

- Combination of Clustered Balancing
Control with Individual Balancing Control

PCIM ETH:zurich
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» Classification of SST Topologies

61/205

Degree of Power

Conversion Partitioning

——r-—
i F % J J
=
T =% x F

LV and MV 3ph.
Integrated
-~

Two-Level
Single-Cell __

LV and MV 3ph.
Fully Phase Modular

Multi-Level
Multi-Cell o

SR=l
J 2

| — -

II A+ o A A ]
F Yy o o

Degree of

Number of Levels Phase Modularity

Series/Parallel Cells

- Very (!) Large Number of Possible Topologies

- Partitioning of Power Conversion
- Splitting of 3ph. System into Individual Phases
- Splitting of Medium Operating Voltage into Lower Partial Voltages

PCIM

SOUTH AMERICA

- Enjeti (2012)

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

ETH:zurich



S1C I Power Electronic Systems
I"— Laboratory

Coffee

Break

ETH:zurich



S1C I Power Electronic Systems
I = Laboratory

High-Power DC-DC
Conversion

DAB Converter
HC-DCM-SRC System
Stored Charge Dynamics
MF Transformer Design

ETH:zurich
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» Dual Active Bridge

- DeDoncker (1991)
)T
- |

-
§

______________________________________

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

PCIM

SOUTH AMERICA

64/205

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

- Half-Bridge

1l Jli’} L JK'} 1l
UM\. ’ :- ’ U[v
N, BB N,
sl JR} JK’} ol
N 1 ° - Two Voltage Levels from each Side
- Full-Bridge
,JG JE’} L ,JK'} X
Uwv | £ ) :- ) I
N, BB N,
N JR} JK’} ,Jli:} - Three Voltage Levels from each Side
o ° Additional Freewheeling State
PCIM ETHziirich
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» DAB — Common Bridge Configurations

- Neutral Point Clamped (NPC, Multilevel)

I+

I+

- Three Voltage Levels from each Side
- Operation as Voltage Doubler

I+

- Suitable for Higher MV/LV Ratios

PCIM ETH:zurich
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» DAB — Phase-Shift Modulation
- Power Transfer Controlled through Phase Shift between MV and LV Bridges

A
v —
% r —> 10 - Fundamental model (d=1)
J<_¢_>:: ' Actual model (d=1)
: M
: v, ; 0.8 4
-Vo . : 5 0.6 4
; P .’ £ 7 R |
; N : S 04 | i 4 |
P / 3 5 V\ L oL !
: H | ' 0.2 4 e e mccccee—————————d
O.D T T T T 1
0 20 40 60 80 100
@ (deg)
. JK'} Ly JK’} - Comparison of the output power versus ¢, at d = 1, from the
: ,i -] fundamental model and actual model.
Uwv L | =4 Uy
N NN,
- Fundamental Model suitable for
J JK'} JR} .Jﬁ'} Calculation of Power Transfer
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» DAB — Phase-Shift Modulation

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

‘-¢_)§ 2.0
) N soft-switching d=25
Yo hard-switching
v g d=20
s v, 15 1 Input Bridge

Boundary

Po(pu)
>

(=9

]

n

T

. I 1
0 30 60 90
ML o

- Soft Switching Range

=
=
|[*
|!

=

2 \
Il
I+
=
=
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» DAB — Phase-Shift / Duty Cycle Modulation

- Additional Degrees of Freedom Can Be Utilized to Optimized Targeted Criteria
- For Example: Minimization of the RMS Currents through the Transformer (ETH, Krismer, 2012)

VAC1
300V 30A
pmen Pl VACD mmee U O
Dy Dy p/x 200V [ S : 20A
i { : N !
| , P TN
-4l V: ol 100V H——;, 4 : 10A
0.4 } P A \
| _— }/ A
03 ] i T ] oA
| N ( Lh=f ] | [N /|
pd | i -100V ; I < 4 -10A
0.2 : 1 ! | : \
// l | i ‘ | \ /
- T ; | 200V |- } RN \,{ _______ i -20A
V TCM ! OT™ CPM ) ! | i
0L . . 300V |- ! - 1 -30A
0 1 PA.m:lx 2 Puplmax Pm:lx P/kW : : : : :
i —— ; 3
04 h i t=Tg/2 s ll,lS I3 t; tg=Ts

- Not Possible in Half-Bridge Configurations
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» DAB — Triangular Current Mode
- Duty Cycles and Phase Shift Utilized to Perform Zero Current Switching (ZCS)

I N
Unv | 2o ' : ) 1+ | Uy
T N, Bl N, T
J

J ZCS on

ZVS on N ZCS on MV
T T LV Side \ MV Side and LV Sides
[ |
S - e v ~
300V VA‘“'/ 30A 300V A“/ : 30A
L A
200V 20A 200V |/ \ 20A
mmmefledmeeflentanes \ =1 Vaca -}Z -- -\\f? " Vac2
100V ] ! e ——H— 10A 100V \ . 10A
ov ' 0A ov : ; / 0A
-100V \ 7 -10A -100V \ 7 -10A
200V : | X / 20A 200V : | \ / 20A
I'=DTs: T, e \ T'=D\Ts: T o T \
300V = g \ 30A 300V — : \ 30A
10 | ] o 10 o] i |
T T | T T [
0 4 fh Ts/2 lus Ts 0 h 5] Ts/2 lus Ts

ZCS on MV Side
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» Three-Phase Dual Active Bridge
- DeDoncker (1991)

Phase-shifted

—> —>
I ' ' 9 IO
1 /3 /s, . N 1/3/ s
s A,
Tap +Vap || Vas +
I Sl
Vil bl . dLlk b VO/T\
LT, c
Transformer
2 /4 /6 /2 /4/ 6
L 1 L1l
Source  Input Input Output Output Load CE T ST T I Tnput
Filter Bridge ) T Bridge Filter Tl T ol T |5 | Brdge
|='| prz | or o for | ou | oor | Oupa
IGBT ps | ps ps.rs| ps | pe | pe Bridge
(a) (v

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

- ZVS of All Devices within Certain Power Range
- ZCS Only Possible at One Operating Point
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)
- Power Supplies for Robots — RWTH, Esser (1991)

,__[_l.:! | !;‘/

’ sifSof G Cy
- =sz Ly

l / rotatable
S2(S1 transformer ! S2(51

lmn'dge ' 1mbridge_
converterI { converter I[I |

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

- Energy Transfer Through the Robot’s Arm Joints ters
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

- Operating Principle: ~ Resonant Frequency = Switching Frequency

1000 V TSy 200 A
nvery | 4
500V TN 100 A

0 — V¢ /3%? 0

500V ~—— 1 10A

-1000V 3 - ol
T
T — 2n

TR . JK'} R C L
| / ‘ : - ii |
0.4 / ,// \\\ 3 \ B ] RI.

/ \\ ~
% o%‘_\__ | 1. JG ' * |

o - *

N3
o

I+
1
| S

=
<

<
<
I
!

OQUTPUT VOLTAGENNPUT VOLTAGE
o
>
.

hed
~
n

T T T T T T T T T
0.4 0.6 08 1.0 1.2 14 18 18 20

FREQUENCY/RESONANT FREQUENCY

- The Input/Output Voltage Ratio is Close to Unity Independent on Power Transfer (Steigerwald, 1988)
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

- Equivalent Circuit for Transient Analysis — Esser (1991)

. + —
Ity avg/ n B Lr eq Rr.eq )
—o——>——t -
V T 1 Lr eq - L
MV ™~ + X 4
2
() nVy = [] n’ Rioad Rr — TC_R
eq 8
125 A ) irave(f) " m/2
100 A A7
75 A i ix(0)
S0A
25A
0 - [
fo fot+1ms fot+2ms fo+3ms

- Output Voltage is V,, = V,°n for Any Output Power
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

- Dujic (2012)

Sul:‘} st
Us l Uy | =—
s_](’} sﬂ%}

------------------------- 'S’JK‘}
r L, e

_‘ ity
LJH |
Transformer SUK&

Uy

N

HV module LV module

[Vl [A]
3000 fee-- <44 200
2000 0
1000 [----}- -+ -200

- LLC Structure to Reduce Switching Losses

- Zero-Current-Switching of All Devices ,

1.0

Time [ms]
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Power Electronic Systems 80/205

Laboratory
» Z(S and ZVS of IGBTs
- Analysis of IGBT Losses Under ZCS Conditions for the Triangular Current Mode DAB
- Tested on an NPC Half-Bridge Structure Based on 1.7kV IGBTs
MV sideJNEC Bridge
2kV
LV side B
- 1.7kV Field-Stop IGBT-Based Testbench - NPC Half-Bridge Connected to MF
Transformer and LV Side Full-Bridge
PCIM ETHziirich
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» Triangular Current Mode DAB Operation
1) NPC Half-Bridge Applies

1600 . . . . 800
1200 e—— ~ 600
= * 7 ' <
—~ 800 u 7/ 400
g Lv uMV ‘iL g
2 400 200 £
0 , 0
. ! ! I ! -200
400, 5 10 15 20 25
Time [Js]

2kV

LV side

- NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV and LV
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» Triangular Current Mode DAB Operation

2) The NPC Half-Bridge Commutates to

Freewheeling, Achieving ZCS on §, 1600 ——— 800
_ 1200 4 600 _
= <
S 800 4 400
g | g
g 400 1200 £

, P
- -200
400, 5 10 15 20 25
Time [ps]

LV side

- NPC Bridge Structure and Experimental Waveforms
for 166kW / 20kHz and Power from MV to LV and LV
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» Standard TCM-DAB Z(CS Operation

- Large Current Spike in S; when 1600 ! : ! : 800
Switching Zero Current _ 1200 - 41 600
- Large Turn-On Losses on S, 2 i =
(Even at ZCS) ) 800 \ 400 £
*—é 400 - 200 §
0 . 0
) I L l 1 -200
4004 5 10 15 20 25
Time [ps]
S, turn-off S, turn-on
1400 . , T T
1200 - 4+ - 120
—_ i 4 100 —
= / 1r Us; 18 =
— * . 53 -
S . i :_]} / 193
M 0
] 1 L -
2 30 1 2 3 20
Time [us] Time [us]
- 1.7kV IGBT NPC Half-Bridge - 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 Charge Carriers \
/TSI/ M s
S, a
| | s
0 < AT— tnﬁ" T.ﬂ/2
o— 1.7kV IGBT 1400 AT =10 [us] AT =22 [us] 0
_ 1200 | | | |
= 1000 —
kv % 800 <
= S 600 5
=400 =
= 200 S
0
° ' 200 10 11 1221 22 23 21 %
Time [ps] Time [ps]
- 1.7kV IGBT Test Circuit for - Experiment used to Study Stored Charge Dynamics

Charge Behavior Analysis Ortiz (ETH 2012)
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» Measurement of IGBT Stored Charge Behavior

- Field-Stop 1.7kV IGBT
- 62mm Package

25° Junction
1

0.75 T T T 75

-ﬁ' i Li=137[A] 7=3.07 [us] o

§ g 050" Q) e

a E 74 @

T~ <~ o

ot o <, 0.251 Z — 125 =

Emitter e ‘é QE(t) J S _ A
T p— || ‘! , c | 1 | 1 0

L/_/ —y . 120° Junction _

Epitax:'a_.’ 0 75 ™ T T
timgion 2 137 [A] /Q(t) E—EyIT =
= S < 0.50 ~ ' k=0138 | 150 3
& collector (=1 E \ ';'
e
§ < 0.25 / Q) 125 8
QW) _ QW 2 ¥ ©
i =, Theis®) % 5 10 15 20 25
AT [ps]
- IGBT Charge Control Equation - Experimental stored charge dynamic behavior

on 1.7kV field-stop IGBT
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» Measurement of IGBT Stored Charge Behavior

- Field-Stop 1.7kV IGBT
- 62mm Package

Gate 90 ' I ' ' I ' 150
Emitter
T ~ /—T—\ —\ . 5 /Tj= 125°C
Epitaxial l: (;6
drift region E‘l -+
N ] —
g < 30r ' 150 >
& collector © X \Tj =25°C
0 0 1IO 2I0 3|0 4I0 5I0 6b 0
dQ(t t . .
Q(1) _ _Q( ) + ke - is(2) time [ps]
dt
- IGBT Charge Control Equation - Experimental stored charge dynamic behavior

on 1.7kV field-stop IGBT and Resonant Sine Pulse
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» Residual Current Switching — ZVS

- Low Turn-0ff Losses due to Low
Switched Current

- Virtual Elimination of Turn-On
Losses

- 1.7kV IGBT NPC Half-Bridge

PCIM

SOUTH AMERICA

Voltage [V]

Voltage [V]

87/205

1600 I T T T 800
1200 |- b v \ -+ 600
7 =<
800 | Uy : 1 400 =
i Uppy i, <
400 - / i - 200 :’:
\*—*__
0 e 0
. ] 1 1 ] -200
4':J[)l'f! 5 10 15 20 25
Time [ps]
S, turn-off S, turn-on
1400 T T T T
B 4 120
- _-\\/uss 4 80 .E.
B 4 60 §
- \ 4 40
- iss 4 20 “
1 1 -20
30 1 2 3

Time [ps]

Time [ps]

- NPC Bridge Structure and Experimental Waveforms for
166kW / 20kHz and Power from MV to LV
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» Residual Current Switching — ZVS

- Minimum Losses around 40A @120°Cand MV — LV
- Minimum Losses around 70A @120°Cand LV — MV

- Total Reduction of =37%@120°C for MV — LV MV — LV
- Total Reduction of *50% @120°C for LV — MV

Losses [kW]
[a% ]
I
|

oy

Losses [kW]

(= N Y

- ZCS Losses for Both Power Flow Directions and 0 20 4|0 6|0 slo 160 120
25°C & 120°C for 166kW Transferred Power Switched Current [A]
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» MF Transformer Design — Transformer Types

- Main Transformer Types as Found in Literature

Sec.
Sec. Iso. Prim.
Iso. \ Prim. |~ Iso.
/
Prim. \l | e Sec. Core
N (i pm— | |
i |

Core Core
Iso. Prim. Sec. Iso. Prim. Sec. ﬁ){ﬂ/
Coaxial Cable Shell-Type Core-Type

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

PCIM ETH:zurich
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» MF Transformer Design — Transformer Types

- Main Transformer Types as Found in Literature

Coaxial Shell-Type Core-Type
1000 yP yp 1000
EPower

IFleq —
— T
= 100} I I I I 1100 <
=4 I >
5} =
z . :
I <

11

1 | | II lI | | 1

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

PCIM ETHzurich
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» MF Transformer Design — Winding Arrangements

- Coaxial Cable Winding

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

* Low Flexibility on Turns Ratio

inati High Potential
* Complex Terminations igh Potentia

Connection

Low Potential Cable boxes
Connection

Bobbin

Standard MV cable

IS

PCIM ETHzurich

SOUTH AMERICA

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

- Coaxial Windings

* Tunable Leakage Inductance

e More Complex Isolation

* Total Flexibility on Turns Ratio
* Simple Terminations

- Hoffmann (2011)

- Steiner (2007)
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» MF Transformer Design — Litz Wire Bundles

- Case Study: Litz Wire (Tot. 9500 strands of 71um Each) with 10 Sub-Bundles
- Current Distribution in Internal Litz Wire Bundles Depends Strongly on Interchanging Strategy

Current [A]

0 50 100 150 200
Time [us] 10 Bundles 950 with 71um Strands Each

- Total Copper Losses for 10 Bundles: ~ 438W
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» MF Transformer Design — Litz Wire Bundles

- Case Study: Litz Wire (Tot. 9500 strands of 71um Each) with 10 Sub-Bundles
- Current Distribution in Internal Litz Wire Bundles Depends Strongly on Interchanging Strategy

Current [A]

0 50 100 150 200
Time [us] 10 Bundles 950 with 71um Strands Each

- Total Copper Losses for10Bundles: 438W
- Total Copper Losses for 8 Bundles:  353W

!zIEHIMRICA ETH:urich
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» MF Transformer Design — Litz Wire Bundles

- Effect of Termination Type on Bundle Current Distribution

Soldering at once
thread cut into solder

Current [A]

0 50 100 150 200
Time [us]

- All Bundles with Equal Lengths and Bulk Solder Connection
- Relatively Good Current Distribution if Center Bundles Are Disconnected
- High AC Resistance of Termination Is Expected due to High Frequency Effects

!::EHIMNCA ETH:urich
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» MF Transformer Design — Litz Wire Bundles

- Effect of Termination Type on Bundle Current Distribution

Current [A]

0 50 100 150 200
Time [ps]

- Each Bundle Soldered Separately to Busbar

- Different Lengths and Induced voltages Cause Asymmetric Current Distribution
- Total Copper Losses for 8 Bundles: 360W

PCIM
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» MF Transformer Design — Litz Wire Bundles

- Effect of Termination Type on Bundle Current Distribution
- Utilization of Common Mode Chokes for Symmetrization of Litz Wire Currents

1
@@’
il
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» MF Transformer Design — Litz Wire Bundles

- Effect of Termination Type on Bundle Current Distribution
- Utilization of Common Mode Chokes for Symmetrization of Litz Wire Currents

Current [A]

CMC

0 50 100 150 200
Time [ps]

- Losses decrease (Only) by 2% — Possible Uneven Distribution Within Litz Wire Bundle

PCIM
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» MF Transformer Design — Cold Plates Cooling

- Heat Conducted from Inner Parts (Winding/Cores) to Outer Actively Cooled Cold Plates

Transformer Qutput inductor
Heat conducting
element

Heat pipe

I Thermal surface
Heat conducting

Input inductor element

- Pavlovsky (2005)
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» MF Transformer Design — Water Cooling

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

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

Terminals
+ cable box
+cooling channels

g

|

Cores (amorphous material)

PCIM ETH ziirich
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» MF Transformer Design — Cold Plates/Water Cooling
- Nanocrystalline 160kW/20kHz Transformer (ETH, Ortiz 2013)

A 102,94

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

PCIM ETHziirich
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» MF Transformer Design — Cold Plates/Water Cooling
- Nanocrystalline 160kW/20kHz Transformer (ETH, Ortiz 2013)

Windings Inner Cooling Plates Outer Cooling Plates
AP = 353 W AP = 57T W AP =19 W

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

- Losses Generated in Internal Cooling System Amount to ca. 20% of Total Transformer Losses

PCIM ETHzurich
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» MF Transformer Design — Isolation

- Specially Designed Isolated Housing for High Isolation to Ground

- Steiner (Bombardier, 2007)

Insulation housing
| (laminated plastic)

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

(Semi-)conducting coat

AN\ Metallization

Slots ]
#tield design S
#increase of —
creepage distance #fleld design
#EMC shielding
Bulge
#field design
Glass bubble filled PU
#increase of
Discharge barrier L2 — /:’tf;‘fi'z’a ’f';'::‘-"‘"e”
{Polyethylen) N
s :m’i"n:z !g‘;!g":‘m@“ Indentation \_Metallization
#field design #field design

PCIM ETHziirich
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» MF Transformer Design — Isolation

- Glass-Fiber Container
Engel (ALSTOM, 2003)

15kV/16.7 Hz
DiseI+AIternator

.15 kV converter Inverter Diesel+Alternator
—— = = [}

PCIM ETHzurich
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» MF Transformer Design — Isolation

- Mixed-Frequency (LF + Switching Frequency) Voltage Stress on Isolation
- Unequal Dynamic Voltage Distribution

- Potentially Accelerated Aging RMS Electric Field

LV Windings
Vietup / MV Windings E (50 Hz) [kV/mm] E (HF. NPC) [kV/mm] E (HF. H) [kV/mm]
\ / / 60 146 60 037 60 024
b / Tnsulation 1.25 -m 03 [ N 0a
- Shicld g ! Sl s Sl > 015
_ £ 075 £ ‘- 02 E e L
j Magnetic —- 20 0s : 2 - : 20 - 01
" core - 2 ¥ - 0.1 [ 0.05
, 025 -
i L -4
Vrcr,down/ 0 - - 0 0 _— 0 0 A 0
20 0 20 20 0 20 -0 0 20
x [mm] x [mm] x [mm]
- E (50 Hz) [kV/mm] E (HF. NPC) [kV/mm] E (HF. H) [kV/mm]
60 146 60 037 650 024
> 40 125 40 40 [ 02
= — 03 T -
; o ¥ e . 3 ¥
- 20 ""’ t 20 2 < i
& T T 0 E »-<
] E o0 ¥ 015 8 E o ¢
= S o — ' S E o € 0.1
jas) -20 - 03 -20 -20 -«
— L " 'mn W 0.05
40 > 025 40 40 [ € :
t [ms] 60 0 —60 0 —60 0
|20 0 20 -20 0 20
% [mm] % [mm]

- Negligible Dielectric Losses
- Specific Test Setup Required for Insulation Material Testing

!:;EHIMNCA ETH:urich
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» MF Transformer Design — Acoustic Noise Emissions

- Magnetostriction of Core Materials (Zhao, 2011)

e Nanocrystalline ~ Oppm
* Amorphous ~ 27ppm

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

- Acoustic Noise Emitted at 2-f, (!)

PCIM ETH:zurich
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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
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» 3ph. SST Concepts

- Phase-Modular (3ph. Comb. of 1ph. Units) or - Direct or Indirect Matrix Type Topologies or
- Direct 3ph. Topologies - DC-Link Based Topologies
1 a
4.16kV — — 430V
B M-Level Transformer DC/AC 1
4.16kV |Back-to-back +Rectifier Inverter | 480V
c Converters | | +DCFilter | | +AC filter | ¢
2.4kV — — 277V
N _l | _]:L n
A M-Level +— Traﬁsfoﬂncr — DC/AC a
I Back-to-back +Rectifier Inverter I
4.16kV — Converters — +DC Filter __+AC filter 480V
| [
B M-Level +— Transformer m— DC/AC T b
2.4kv| |Back-to-back +Rectifier Inverter 277V
} — Converters b +DC Filter J+AC filter I
N il
c— M-Level F— Transformer —— DC/AC ¢
Back-to-back +Rectifier Inverter
L Converters | +DC Filter J+AC filter—
- Frequently  1ph. AC/3ph. AC Converter Topologies Analyzed Instead of Full 3ph. Systems

- Frequently

Unidir. (MV[ V) Topologies Proposed/Analyzed Instead of Bidir. Systems

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

PCIM
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» Phase-Modular Direct Matrix-Type 3ph. SST Concepts

- Venkataramanan (2000)

3
/
A
/

hY
/

Ay
/1

- Only Interesting for Low-Voltage / Low-Power Applications

PCIM ETH:zurich
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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 Transfotmer

TR TT!

@E

T

@EE

1

93 1y
Lo L)
1?@4 j%i

(
{

55—

High-Voltage 50Hz System

MF System

™1
11@%
|

(
I

Medium-Voltage

k|
& IE

55

- Steimel: Thyristor Cycloconv. Commut. Voltage Impressed by MV VSI (Mennicken, 1978)
Thyristor Recovery Time Limits Switching Frequency to f;=200Hz (a=150°)
Reactive Power Demand of the Thyristor Cycloconverter
Implementation of Cycloconv. with (Turn-0ff) RB IGCTs (6.5kV) allows f,= 500Hz

- Enjeti: Three-Limb Core could be Employed for Realiz. of MF D-y-Transformer (Enjeti, 1997)

PCIM ETH:zurich

SOUTH AMERICA



=1C I Power Electronic Systems 112/205
I = Laboratory

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

- Venkataramanan (2000)

9,9
%w PEEN

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

PCIM ETH:zurich

SOUTH AMERICA



S1C I Power Electronic Systems
I"— Laboratory

» Direct 3ph. Direct Matrix-Type 3ph. SST Concepts
- Mohan (2009)

Three-phase grid, 60 Hz

load-side converter

3x3 matrix
Poo| P

L -

’/l%\f
EEE  LLaTh

rd
Vsa

grid-side

low voltage clamp circuit
converter

L]
| high voltage clamp circuit \—‘ u W

SW,

- Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM)
- LV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency
- Switching CM Voltage Eliminated at Generator Terminals by Proper MC Control

PCIM

SOUTH AMERICA

7
converter @
Sa | Sy | Se
L] L + + . . .
VPl

113/205

Gear box

Generator

Rotor

Gird and Power Transformer 6(H;

&iHz
::‘l
J e
,{-}E@:{-ﬂ- YOI Y = =
Y

Nacalle

Drocp cable  Power elecironics at the ower hase
Fg 1. Conventional wind power gencration system

|q Power electronics

\ | = 1 -

[1. -I | @— Yy Yy 2@ t

v 60Hz
Naeellz Gnid 60Hz

Fig. 2. Recemt wind turbine system

High frequency ac link few kHi)

e ¥/=

Nacelle

138 k¥ Grid 60Hz
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» Direct 3ph. Direct Matrix-Type 3ph. SST Concepts
- Mohan (2009)

211N <1
SC Sb Sa
VPal . .UPQ,Q . o e
valve|lve| Y M + —
© va e 0
= — | Np: N, Uiy Hip
o SW,,
YPal — UA ' time
v = —v
Pcf N. A
Vg = prUA

- Equivalent Circuit of the Transformer for SWp-on and SWn-off and Input Phase a Voltage of MC
- Clamp Circuit Sinks Energy Stored in the Leakage Inductance
- Clamp Voltage = 2 x Grid Line-to-Line Voltage

PCIM

SOUTH AMERICA

ETH:zurich



=1C I Power Electronic Systems 115/205
I = Laboratory

» Indirect Matrix-Type Direct 3ph. SST Concepts
- Enjeti (2003)

_®_
<
=
§<
ol 3C

Mode 1
VI
. . v [T=r—11 | =«
Variable speed Fixed vl bl |
Source Utility line ! i AATE
| i L—== !
xau ____‘!...,-—-——!— H H-E—_
S I I N I O R
:& ; ! i ot
Ve /S 3 :I—-—‘—l-'—'
1 SRR
TIT, RN
A\ " L ) 4
8 Lo T *I B —
IR RN .
-« T T T T >
1 N I I‘ __L @t
3¢/14 Converter HF Transformer 14/3¢ Converter an 81l or lanar) an prloar
Positive pulse NEEBEVS Pasitive puise | Negaitive

- Modification of Direct MC Topology Proposed by Venkataramanan (2000)
- Formation of Transf. Voltage Involving all Phases a,b,c and Ensuring Balanced Flux

- Transformer Sec. Voltage Rectified into Fluctuating DC Link Voltage V.
- V,. Converted into V,, V;, V. by Space Vector PWM for Mains Current Control
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Three-Phase SST Distribution
System Applications

Matrix / DC-Link Based Concepts
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» DC-Link Based Direct 3ph. SST Topologies
R ]

c=RRIE
2=l I
) ]

= i ﬁz
INESEAEES

- Lower Number of Switches (20) Comp. to Matrix Approach (24)
- Three-Stage Power Conversion (3ph.AC/DC — DC//DC — DC/3ph.AC) — Eff. Red.
- Limited IGBT Blocking Capability does Not Allow MV Application of Basic Conv. Topology
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» DC-Link Based Direct 3ph. SST Topologies

Transtformer DC/AC
3-level Back-to-Back Converters 1 I- Doubler Inverter +
AC filt
SMJ SbIJ de SdIJ +DC (iap. : ilter
L SaQJ ]_Sb;?J ggczj CalS,, K&, % é J’%JK%J% L,
A _EA h Fy A C 5 q
B —0 l %H dc:: o0 b
CT*S AKF P 3Kk 294 S |Kk ‘—r"z
e ry J J J ac_ ==
Sad S, KF S]] FIGHRE L

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

PCIM ETH:zurich
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» DC-Link Based Direct 3ph. SST Topologies
- EATON (Patent Appl. WO 2008/018802, Inv.: M.J. Harrison, 1997)

B 5B s 3

v ey ey Hg r

_f
J%&T

|

- Only Interesting for Low-Voltage / Low-Power Applications
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» DC-Link Based Direct 3ph. SST Topologies

- Proposed for Energy Storage Systems (Enjeti, 2012)

/&m_
S B B

1-Phase AC-AC Full
Bridge with SiC IGBTs

-l Swi ::%m
.l
.l

Vpriph_cz

Vi
Va

33

[
i 3-Phase Medium Frequency Transformer

(p- primary windings & 1- secondary winding)

A\ 4160 V

Medium Voltage
Utility Grid

KE 2 hE |
1

Battery Bank for Storage

- MV Side Series Direct Matrix Structure with Single 3ph. MF Transformer Core

- Single LV Side 2-Level 3ph. Inverter

PCIM
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» DC-Link Based Fully Phase Modular SST Topologies

- Akagi (2005,/2007)

The Bi-Directional Isolated DC/DC Converter
qu_l_‘_ts*-_l_'_t_@_l_'_E}s!_l__l_‘_f!?_-__l_________l

33KV < I I 20 kHz J?& J|<§; JR% 33 kV
; - — M
Singlc-phasc/EJK# J|<§E J JK.;"[? Jﬁ% J$ J%J

PWM

MutiWindng _Power ColNe A1, 33KV
o e bousbighl | Converter Cell No. 2
Switching freq. [ ; :
=1 kHz.
33KV EC Swi tch.in. g loss L
verter negligible Converter Cell No. §
J: DC-Link Voltage: 610 V

-

1

|
-
—_— Q'E‘riie&[’" o % 1,200-V IGBTs or SiC MOSFETs ;

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

PCIM ETH:zurich
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» DC-Link Based Fully Phase Modular SST Topologies
- Akagi (2005)

6.6 kV

J@s ] JQS J@
RECIECE
L a1

T

| _‘I‘i—J J
o3 3 s

STATCOM STATCOM

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

PCIM ETHziirich
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» DC-Link Based Partly Phase Modular SST Topologies

- van der Merwe (2009)

mL o TN
s ||_:’.
. ||-:’.‘“

High Voltage Low Voltage R - A
Side | Side T

11000 v LEwac }”{ HF-ae |30V AT .
3¢ o HF-ac LF-ac [~ 9 :HTS::E::_ S

| o= | vener [T
e | e C
| 7 d

-
<1 C
e TN control I i
e I I ]

I ] ol e
Avout ... Aot

ﬁ Brou ... Buaut
Ciou ... Cnout

Atin ... Anin
@Bun ... Buin
A Ciin ... Cuin
L Main Controller |

Raa

oO®r

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

PCIM ETH:zurich
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» DC-Link Based Partly Phase Modular SST Topologies
- Steimel et al. (2002)

HV Module De-De Module MV Module
I )
H-Bridge 1I-Bridge Yds MF 3.Phase H-Bridge
¥SC VSC Transformer 2L.-V5C Vi€

-~ 1T = H
— = : T e

- I - ' -1

H~ ] - -
Tl /. LL

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

PCIM ETH:zurich
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» DC-Link Based Partly Phase Modular SST Topologies

- Steimel et al. (2002)

p
Vv 9}
v .
-—--—-77 Phase-shifted
|
(a)  Ac Ac Vi| == ! -
Filter N | ; | Filter
—E. - oy % De-Dt MV ]_-_ y /
- Madul Module Modul
|:vuue odule Due:| I I Lﬂ‘ Lﬂ, i‘ a
4 HV P Dobe MV [ ; :" It H
et Module jumed Module b Madule I !.“? b == |V
- Fal a
I i 1 i
() Ac Ac T 1 ¢
Filter [——= =1 Filter 7 i’ - I! l_- -
M HY =" DeDe MV 1| nd )/ )
mt Module fm=t Module Module
|: ‘ ) Yd5 Transformer I
= HV s DoDe P '
Module fepmm Module ¥i3

‘ig.7. Single-Phase Design of an Electronic Power Transformer for
(a} 110kV/20kV (b) 110kV/10kV AcfAc Conversion

s

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

PCIM ETH:zurich
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» DC-Link Based Partly Phase Modular SST Topologies
- Steimel et al. (2002)

De-Dc Translormer

|_ : _1 MV 50Hz
1. f - f System
mT v Vs, Ig... controlled via vg
+ _ deS A 33 accordingto ~
~ A v, ¢ the MV system
+ +; \\ \\ load state
¢(P ) VdcSref |’ 1
N (P, vacp,s) [¢ '
' ; JJ ,
4 // -— ' ,,
\\‘ - ,,’/, ~ p(t) ’,/

- Multi-Loop Control Structure of the Electronic Power Transformer

PCIM ETH:zurich
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» Multilevel & Input Series Output Parallel (ISOP) SST Topologies

w VY

fi g:l
60Hz transformer

LT |

]

j

-

I
iy

Pﬁﬂﬁ
gl

!
1 High-lreq transiommer | \

L1 |

- 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

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

* C(lassification of Structures with HV (Side A) and MV (Side B) DC Link Side A Side B
* Nomenclature for Topological Arrangement N
XYy <«
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 cn‘cum)
L, number of HF transformers 3
M, windings per HF transformer (Side A) v 7 s /T L ocle Elo] L | 7— W
N, windings per HF transformer (Side B) oc| T 2 T AC
* Structure of HF Transformer Defined by L,M,N
Dc AC DC AC
MLN _ 111 a - MLN — 131 . 4
DC AC
AC o]
s . . DC AC
e Transformer Classification Independent of Number of DC Links ac be

!::LICT:HIMRICA E’"ZUI"ICh
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» Classification System for Multi-Level & Multi-Cell Power Converters

- Complete Converter Structures

XMNY=6%3'2
A s
R
AR 9 AF AR
[ = A7
AI[7 7 o VAEIA
ACDc_‘l'_DCAr:
}[ [ ............................ e | I / |
( E M
cmTDcAE [ # DILACDC
,,,,,,,,,,,,,,,,,,,,,,,,, ! m XMNY =632
PCIM ETH:irich
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» UNIFLEX Project
- EU Project (2009) o Port 2

. DC o ]
H-bridge De Vmu\) \’ch[A)_T_

. " -
H-bridge be be Vaeoay Vaam T

H-bridge[ &= | PC v

e LY ae Voo . 3
3 S
s N r =
= Hebridge| T | PS0 [Viwy Vo T, &
= ®
T Ve N oC - £
E H-bridge “pe | Yaam  VaemT, o
=%
- : DC =
l[-bﬂdgﬁl?r___l Alj"" dm Vi T
H-bridge DC e LY asm Vst
) " . -
H-bridge be el Vesm VaomT
YT ] -‘
C—— . DC -
L J II—brldgeMmm VesoT
Port 1 LSS Port 2 -
1 3Ky —H— —— ﬂu - e £
H-bridge el NVans V 13_1(“]—_ H-bridge E
L~ 3
. DCc r XI :
H-bridge Do L Vasey  VaamT [H-bridge %\
o
Port 3 - L~y 2
415V @ Il-bﬁdgeEI DC A [Vasey Vasos, |Hobridge s
Port 1 Port3

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

!zIEHIMRICA ETH:urich
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» UNIFLEX Project
- EU Project (2009)

Port 1 B Port 2
33y —HF— UNIFLEX ——— 3LV

P . _ P
‘@’ Q f @’ Q
Port 3
415V ‘@ Q

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

PCIM ETH:zurich
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» UNIFLEX Project
- EU Project (2009)

=
(]

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

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

PCIM ETHzurich
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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) T
- LV Y-Connection 465V/w/i3 Modules in Parallel)

0 o A

N N, N

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

PCIM ETH:zurich
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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/w/l3 Modules in Parallel)

a\ I
Ve =l
2N )
o e
I I

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

PCIM ETHziirich
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» Transformerless Intelligent Power Substation (TIPS)
- Bhattacharya / FREEDM Center (2012)

22kV 800V

a4,
=

2]
0]
o
iy

iy
N
L
) ®

[|+

E
=
5 =

A 4 A L+ A A A I_%_‘H
o | - o34} | | 3edal
20kHz
- 13.8kV — 480V
- 15kV Si-IGBTs, 1200V SiC MOSFETs
- Scaled Prototype
PCIM ETHziirich
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Power Electronic Systems
Laboratory

» The MEGACube @ ETH Ziirich

_ DC-DC Converter Stage NPC-based bridge MF transformer Mixed fullbridge
- Module Power 166kW
- Frequency 20kHz
- Triangular Current Mode Modulation 2kV |
i, L. IF 400V
i 343 4343
: 800
4 _ 600 _
£ 2 200 £
. g 0 °
-200

Time [ps]

- Structure of the 166kW Module and MV Side Waveforms

PCIM ETHzurich
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» The MEGACube @ ETH Ziirich (Modulel

MV Side MF LV Side
o Transf.
- Total Power 1MW
- Frequency 20kHz 5 °
- Efficiency Goal ~ 97% LT N
Z | D.T 2
~ =
II_ Il
2
L:é D 2 a o=
= “& S =
—— ﬁ
— |
&
.
0 Module 2
= -
&
nd Module 3
hJ
Module 4

Module 5 :|
Module 6 :|

- MV Level 12kV
- LV Level 1.2kV

‘I‘J\‘l—lw*l—lﬁi—l'\
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» The MEGACube — MOSFET-based LV Full-Bridge
- Power Rating 55kW

- Losses 0.31kw o
- Based on Single T0-247 Devices JJ} 1 |
- Water-Cooled H

- 55kW Water-Cooled LV Full-Bridge

!zIEHIMRICA ETH:urich
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» The MEGACube — IGBT-Based LV Full-Bridge

- Power Rating 83kW

- Losses 0.9kw

- Based on ECONOdual IGBT Module
- Water-Cooled

- 83 kW Water-Cooled LV Full-Bridge

SF:LJ(T:JMNCA ETH:urich
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» The MEGACube — MV NPC Module
- Power Rating 166kW
- Losses 3.1kW
- Based on ECONOdual IGBT Module
- Water-Cooled
o
2kV
= &
B SN
J
- 166 kW Water-Cooled MV NPC Module
PCIM

SOUTH AMERICA
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» The MEGACube — Air-Cooled Ferrite Core Transformer

- Power Rating 166kW
- Losses (incl. Fan Power) 0.59kW
- Forced-Air-Cooled

- 166 kW Air-Cooled Ferrite Core Transformer

!zIEHIMRICA ETH:urich
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» The MEGACube — Water-Cooled Nanocrystalline Transformer

- Power Rating 166kW
- Losses 0.34kW
- Power Density 45kW/dm3

- 166 kW Water-Cooled
Nanocrystalline Core Transformer

PCIM ETHzurich
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» The MEGACube — TCM 166kW/20kHz Converter Module

- 166kW / 20kHz TCM DC-DC Converter

PCIM ETH:(irich
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» The MEGACube — Resonant 166kW / 20kHz Converter Module

t' - 166kW / 20kHz HC-DCM-SRC DC-DC System

PCIM ETHzurich
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» The MEGALink @ ETH Ziirich B MY grid
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- 2-Level VSI on LV Side / HC-DCM-SRC DC-DC Conversion / Multilevel MV Structure
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» Unidirectional DC-Link Based SST Structures

- Ronan et al. (2000)

Vh V& Vicout
- ACInput  7.2kV R ¥
- DC/DC 1000V/£275V Tnput Tsolation
- ACOutput 120V/240V Stage Stage

Control Contyol

Vourt bout+  Vour- Your-

. P

-
-

* Input |i Isolation :-\_
! ! Output Qutput
Module Module P
n " (| e
f Module}! Module k- i("l [I(:)t
1 +
Input Isolation Output High + T: ! : : -\ bV
Module Module Module — 1 Y, Output outt
Emm e e Voltage V! ¢ ! ! Module["S v
I W 5 - T | AC —A.Ii:r v ! x
E 3 ¥ ! F S SN 5
i:\’-‘u |L_‘ i 1! el h 94 [dutput ].nput Iso‘aﬁon 5\_ Low
o 3 K | :E%E J_: % T | Lru_%:: Bl | CModulc—E: Module {Lhrp] Voltage
A Lo o e | Ll iRt | ! I L ' AC
low-freq ac high-freq ac low-freq ac ]ﬂput 1 I ISO]aﬁon e
{Module Module [——
v 'y ] ¢ :
- ISOP Modular Topology Input ! 1 Isolation s

'
Stage . 1 Stage 1

- Three-Stage (AC/DC-DC/DC-DC/AC) Approach
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S1C I Power Electronic Systems

» Unidirectional DC-Link Based SST Structures

- EPRI (2009)

- AC Input
- DC/DC

- AC Output

8.6KkV (15KVI-1)
3.5KV/400V
120V/240V

SE6KVAC LN

+200 VDC

KEKF

150/205

Std. Building Block, 25kVA

120 VAC

TTT3200'vDC p’?m_—n/
{i_!i#ji“ ' o =2
Bt | | A |
thty | || g3 CEufE

== i== | "? ,
fafe || HaF
Bt | B ¢

= -~ -4
HE | | 88 TER
e | | He gt

= i 3 . "? i :
frfk ] || HH

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

PCIM
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» Unidirectional DC-Link Based SST Structures
- EPRI (2009)

Cascade Output Inverter
Converter Block Resonant Converter Block Block

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

PCIM ETHziirich
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» Unidirectional DC-Link Based SST Structures
- Enjeti (2012)

3-Phase Medium Frequency Transformer
(2= winding primary & 2=-winding secondary)

Three phase Diode Rectifier
Y Y L

152/205

¢~ 3-Level NPC Inverter with MV IGBTs

SM_I

SAZ_I

A
=" RIvly
Three phase Diode Rectifier
Y Y Y
Bols]
Visaest =

| 3-Phase Input Filter

lin_a_fitered
Va Vb Ve
N

Medium Voltage, 3-Phase 60Hz AC

N

SM_I

1-phase unidirectional
AC-AC Converter

e
<[

Vieiph
ol

3-Phase
Medium Voltage Motor

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

PCIM
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» Unidirectional DC-Link Based SST Structures

- Enjeti (2012)

3-Phase Medium Frequency Transformer

153/205

Iec_A

D1

1-phase uni«directional
AC-AC Converter

0%

(2- winding primary & 6- winding Y-A Secondaryymﬂ
#,-'{{3 VAY

51 83

lin_4 P

LI TR

Three phase Diode
Single phase IGBT Inverter
SV,

AC-DC-A ‘AC-DC-AC
. .

A (o3

3-Phase
Medium Voltage Motor

Rectifier— VAY

" Kodole] P
o/ \p3
‘ 3-Phase Input Filter ‘ Visepn 51 S3
Va+ vbé Vc+ Ve <
N Ao Tooe s2
Medium Voltage, 3-Phase 60Hz AC
L

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

PCIM
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» Unidirectional DC-Link Based SST Structures
- van der Merwe (2009)

g7

3 Phase
* Inverter

T

— 1

control & et

High Voltage  Low Voltage
Side : Side B

i A A
11 000 v LF-ac : HF-ac | _3g0v
3¢ = to : 10 — 3¢'
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e

—

ome
O mE

g EE
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- 5-Level Series Stacked Unidir. Boost Input Stage

Main Controller
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» Full Power SST Employing LF Transformers

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

- Provides AC Voltage Regulation and Low
Sensitivity to Harmonics

- Isolation Provided with LF Transformer (Not Shown)

- 3ph AC Version — G. Venkataramanan (1995)
- No 4-Quadrant Switches Required _
- Isolation with LF Transformer (Not Shown) Three Phase Buck Converter with input filters

PCIM ETH:zurich
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» Full Power SST Employing LF Transformers

- Derived from DC Buck Converter

- J. C. Rosas-Caro (2010)

BlEElE EhEk
E5ET 2EEE
EER shely

PCIM
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157/205

Vain2

Vain2

Vesn

Chopped *.v.ohage Output (Filtered) voltage
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» Partial Power SST Employing LF Transformers
- P. Bauer (1997)

 Electronic Tap Changer of LF Transformer
e MV Winding with Power Electronic Switched Tap.
* Two Modes of Operation:

- Single Tap Position (a)

- PWM Modulated Tap (b)

@

SW3

Sw4

© tn ] Aﬂﬂ ﬂﬂﬂnh ____________________________

u v w mp “{ [”JJJJJUV ts)
u v w ¥ iid
sw;ﬂnnnnnnnn =5'
[Reewd — — sw2 lnnnnnnnn
?: smnﬁﬁnﬁnnnn ?”'Ej'h

swa O PiiiriEe nnnnnnnnn
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» Partial Power SST Employing LF Transformers

Ll
< L.
ez oen e i
En- swy sw3 L=
BO-EE
‘ : sw swel 2
- A
ol Ly
HIED
L
;
= = D3 IGBT3 g
U Aratiapy IGBT4
e 2o T — P s
EELE

e g L]
cran '[ v !u-.-. Switching cell of the tap switchin,
o . - Il ing.
it e :
| s—— R o O O s e SR
Rl ol —

S DL e [ s O i M e

|

- Electronic Tap Changer — Complex Control Circuit
- Crowbar for Emergency Ride-Through
- Commutation Sequence of the 4-Quadrant Switches
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» Partial Power SST Employing LF Transformers
- Enjeti (2003)

PWM AC-AC Converter
- ol Fiter AC Su S Filter AC
Vs[ . L V@[ CRITICAL
i LOAD
a ] V,
- Controlled Output Voltage: Vo= Vx + Vc
- LF Isolation Transformer
PCIVI ETHziirich
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» Partial Power SST Employing LF Transformers
- Barbi (2006)

Tl  TYT——— l
) Sﬁ.’}?
'S }
v © ikl Z,
S{} v 0w =0
i T : S pvm | o
U SR 5. M | on
S H 8| pwm o1
- 4 5, pwm ail
B om P
; 5. on | pwm
8:| en | pwm
S5 on pwt
v, 2D-1 V. D
=1+ = =1+—
¥ i |2levels ¥ 1 |3 levels

- Controlled Output Voltage: vo=vi + Av
- Isolation Provided with LF Transformer (Not Shown)

PCIM
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» Partial Power SST Employing LF Transformers
- Shmilovitz (2011)
Line - K2 and K3 = ON
a' Q a
ﬁ X }}_:;:’__f)_ “““““““ ' T ¢Ll J?f—momr =V1-k+k"- P;me
Lood ﬂ TTE, :O #LE
¢ e —or—s1s
T 11 - K1 and K4 = ON
B P?e'—morm' = (l_k} yifne
VAL
|
=1 17 “
- K1 and K3 =0N
';I—momr' = ]_3'1"?-'_3'!‘?2 'Eme
- Reconfigurable Auto-Transformer
- Switches K1, K2, K3 and K4 Used to Modify Output Voltage
PCIM ETHiirich
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» Partial Power SST Employing LF Transformers
- Bala (ABB 2012)

N okl |8
g |53 LR
3|71 gL

3 ——=
._i

Primary Secondary Primary Secondary

Vour

% | S'a’ﬁf'e"'f'fuﬂaﬂ'{"MWMWuﬁmﬂ‘vae'"'f

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

PCIM ETH:iirich
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» Partial Power SST Employing LF Transformers
- Bala (ABB, 2012)

ABEB Low Vonage Power Converter Products

Output

|  Frequency |

[ Reference

ABB  Low voitage Power Converter Products

(o) (I LN
| T

[ Status: RUN

Input

- Commercial Product (ABB) ——
- Direct Connection of Input to Output (Bypass) or

- Compensation of Inp. Voltage Sag (Contr. Output Voltage) | NS
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Modern Railway Systems’ Requirements
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» Electric Railway Systems - A Little History

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

PCIM ETHzurich
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» Electric Railway Systems - A Little History

- Electrification of European Railways — Steimel (2012)

o ~ 3KV DC and 1.5kV DC - (1920
- 50Hz/ 25kVAC - (1936)

Network line lengths and proportion of electrical railway

systems (2003)
DC 1500 V 15,320 km 6.5 %
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 %
I
Ea o M o e el
|oem beaky LY 1ac 28k sonz
m DC 1.5kV C 15KV 16 %, hz I:l no slootrifiaation ~ 6 Turns Around the Earth

Railway main-line power-supply systems in Europe
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» Electric Railway Systems — Today’s Drive Scheme

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

- Low Frequency Transformer
| | | | |1T’_T - 15% Weight of Locomotive
15 kV 1ph - e.g. for 2MW ca. 3000kg
- 90-92% Efficiency

16.7 Hz

5 I:I 5 AC 110/ H

: DC| [ | AC
1 kV 3ph
PCIM ETH:urich
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» Trends in Modern Railway Systems

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

- Weight Reduction
- Energy Efficient Railways

AC Catenary (15kV, 16%24Hz or 25kV, 50Hz)

MFT
fi 1
r = —|_ o
- All Goals Lead to a Medium-Frequency
Rail Isolation / Conversion Syst. (Dujic 2011)
AC-DC conversion with medium frequency
transformer (MFT)
PCIVI ETHziirich
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» VSI Commutated Primary Converter

- Menniken (1978)
- Ostlund (1992)

Catenary

’

,

MV LF AC MF AC one primary converter e=15kV,16 23 Hz
) 400l |
30kVY N
AYAY | Ayaiy | )
b
| 4% A
}H g — six primary converters | )
01 N
AYEY | AYEY | fﬂﬂ H
i o
/]
A00AL LA 'A
(O Rail 30KV 1 H

PET topology with source commutated primary
converter
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» Cascaded VSI Commutated Primary Converter

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

Catenary

MV LF AC MF AC

P’ Tek Stop | [ . )

4=

[
i\

.
L

0 o0
=
N
|
o)
=
=
=
‘:"—;f--. -
=
=
=
=
=
-
=
=
=
=

2
A

L 3
\
,\

—

‘I. l’

e e Y SO TP TR
| |
I L
- CelN

| Chil 500V  |Ch2 100mv  |M4.00ms A Chl # 0.00V
Rail Ch3[ 200mv [ 500V |
150.00 % |

4 . Experiment: steady-state; rectifier mode; load 2 kW;
PET topology. with cascaded source commutated L, G e A b0y, Clrtn
primary converters

L‘
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» Cascaded Source Commutated Primary Converter

- Pittermann (2008)

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

PCIM ETH:ziirich
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» Cascaded Source Commutated Primary Converter

Hugo (ABB, 2006)

Total Power ~ 1.2MVA/15kV
Module Power 75kW

Frequency 400Hz

SF:LJ(T:JMNCA ETH:urich
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» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages

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

Ca‘[enary Tek Run: 5.00MS/s S?mple [1rig7

1
N ; Pload = 700kW
MV LF AC MF AC 1 O ’-u: 'Il i Pococ= 350kW
! =l | 100A/div

| RINIE!

il "|_ I {f; 1| 200us/div

Galag aai T
0 i T AEREa
; o W Z000s TRV 294

Cell 1 Ch3  1.00 Vi 211
— Ceil 2 o
‘. T Dynamic behavior of DC-DC converter
| I [
| I [
- I L
CellN -

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

!::LQHIMRICA E’"ZUflCh



=IC I~ Power Electronic Systems 177/205
I"— Laboratory

» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages

- Weigel (SIEMENS, 2009) - Steiner (Bombardier, 2007)
- Module Power  450kW - Module Power  350kW
- Frequency 5.6kHz - Frequency 8kHz

PCIM ETHzurich
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» Cascaded H-Bridges with Multi-Winding MF Transformer
- Engel (ALSTOM, 2003)

30k
R a
Catenary 1ok

MV LF AC I I MF AC ? . ‘f '{‘ % ‘ll I"l

0 30 60 90 120
t[ms] —

( ) Rail
0.2 0.3 0.4

PET topology with cascaded H-bridges and mullti- 0.0 01 2 mg
winding MFT

PCIM ETH:zurich
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» Cascaded H-Bridges with Multi-Winding MF Transformer

= - Engel (ALSTOM, 2003)

" de-link capacitors . busbar adisconnectors

- Module Power 180kW
- Frequency 5kHz

-
]
) |

=5
I

S T T T T T I
Ed Rt ﬁ"
fe L ™ g

|!'_“,;.v
' cascade module

i . resonan 1tor
: ~ controller board esonant capacitors
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» Cascaded H-Bridges with Multi-Winding MF Transformer

. ; 15kV tarminal
Cascade modules B LA | . - 1Q convarter

SkHzx transformer
20 x0.73 x 0.49m}

. Transformar
‘tooling systam

Gless flbra re-lnforcad plastle enclosurs
{262 %212 x0.58m}

- Taufig (ALSTOM, 2007)

- Module Power  180kW
- Frequency 5kHz

PCIM
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» Modular Multilevel Converter
- Marquardt/Glinka (SIEMENS, 2003)

Catenary

MV LPAC <=

[

[kV] 50 @A 7 A fay

25 jN . ﬁl!lfﬁf"_;f 1 _II{ 51 I( '5’*.5
o O N WY v WY Y B W (A
-50

‘Al 300 A

T =LA

100 | T~ trop-cof \ A"
o '%88 V iMMerrupHon v

[kV] 2.1 Iannnaoa

@J\ /VVVVVV

1.8

. . I 1 ‘ 7
b Rail 17

PET topology using M2LC converter

2

LC

vdc_av

0 20m 40m 60m 80m 100m [s]
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» Modular Multilevel Converter
- Marquardt/Glinka (SIEMENS, 2003)

- Module Power 270kwW
- Module Frequency ~ 350Hz

SF:LJ(T:JMNCA ETH:urich
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages

- Zhao et al. (ABB, 2011)

Catenary

MV LF AC MF AC

l

I—

I

JK‘}II l:'}
53 At T

o)
—|H—|F§

|

. Cell1
i | X
—( Cell N -
§ } Rail

PET topology with cascaded H-bridges and
resonant (LLC)DC-DC stages
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages
- Zhao et al. (ABB, 2011)

Assembled Converter

- Module Power 170 kW
- Frequency 2kHz

LV Module

PCIM ETH:(irich
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SST Design Remark

Current Ratings
Cooling Considerations
MF Transformer Design
Flux Balancing
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» Current Ratings — Overcurrent Requirements

- MV Transformers must Provide
Short-Circuit Currents of up to
40 Times Nominal Current for
1.5 Seconds (EWZ, 2009)

- Traction Transformers: 150%
Nominal Power for 30 Seconds
(Engel 2003)

- Power Electronics: Very Short
Time Constants!

PCIM

SOUTH AMERICA

- typically 100 ha

- typically 10 WA

132 kW Network
33 kV Network ‘

- typically 350 M

186/205

3311 kv Transfarmer
- typically 12724 hivis,

11 k¥ Network

1110.42kY
Transformer
- typically S00-1000 k'

400V Network

Consumers network

Consumers network

Incustrial distribution
Single consumers connected to
one transformer

Domestic, commercial,
light inclustrial distribution
Several consumers connected

to one transformer

Stage 1 Assessment Stage 2 Assessment

Large Industrial distribution

higjor single consumers connected

at HW

Stage 3 Assessment

ETH:zurich
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» Grid Harmonics and EMI Standards

- Medium Voltage Grid Considered Standards (Burkart, 2012)
o IEEE519/1547

* BDEW
e CISPR

- Requirements on Switching Frequency and EMI Filtering

10 . .
10° £
%10"
o
G102 ~.
3 : EEEsonsar| xS ASas R P : :
210%E |e+a+3 BDEW S EERE R — <5
2 10 a BDEW, extrapolated S Pl 1.
E107E b+b CISPR11Alys S, = 50 KVA, ITgrid [Fiiisicsisessicicaa s oneiaoe , :
2 [less CISPR 11 Ay S, = 50 KVA e ““b%
107E q+1 CISPR 11 Aty S,— 10 kVA =<4
1076\2 L L |\|||||3 L L |||\|\I4 L L ||\\\|\5 L L |w||||\6 I I ||||||]r ]
10 10 10 10 10 10

Frequency [Hz]
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» Semiconductor Cooling and Isolation

- 1.7kV IGBTs — Semiconductor Modules on Cold Plates/Heat Sinks Connected to Different
Potentials (CM Voltage Problems)

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

1.7kV IGBT

3.3kV IGBT

6.5kV IGBT

———————

[N |
Lzal
[ -

Il
Lz
[

coldplate A

T J 2 L
coldplate A coldplate A

5 | IS .
coldplate A ~oldplate A

o

- Hoffmann (2009)

A B

PCIM ETH:zurich
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» Flux Balancing - DC Magnetization

- Higher Losses
- Over-currents
- Audible Noise

o
Vn(_'_p V ........................................
i T./» T} ®= @
VD(_-'_;] ..... e N @
Y
V() . : :
L L 5
Voop!|-- F ___________ .
- Diff. Turn-on/Turn-off Times — | _ : —> @<®
L2 |t | T
VD( P I - !
v Aty ppie
v ()
ry

VDCP R ,-__--___:-..-,.5,: .... :,..-.=:,..-.=:\.‘-;-....-.-
- Diff. Switch On-Characteristics — | 5 s @>
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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 Auxiliary

Coreis Related to the Magnetization State Shared Magentic

path

Main Core

[y
o
o

Auxiliary
core + winding -300

Liw
ZSA

15
-200 -150 -100 -50 O 50 100 150 200
Magnetic Field [A/m]

Magnetic Flux
Density [mT
o
T T T T 11

n
o

Inductance [uH]

Main core
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» Flux Density Transducer - The Magnetic Ear

- Compensation Network to
Decouple Main and Auxiliary Flux

Voltage [V]

Voltage [V]

-2
0

PCIM

SOUTH AMERICA

10 20 30 40 50 60 70 80 90 100

Main core

Time [ps]

Aux.

=="core |

1 I"‘uuv.W(t] J

Uau‘(‘T ®

I~ Aux.

core 2

Current [A]

Aux.
= S Core 1
'.,J': } N

[7A]

®)
(=]
o
3]
Main core

Aux.
=4 SZJ.. ‘
i

|
A

X 23

o,
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- Interleaved Operation for Maximum

Bandwidth (ETH/Ortiz, 2013)
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» Flux Density Transducer - The Magnetic Ear
- Transducer Output for Biased Magnetic - Closed Loop Response
Operation
- Reference Step
- Disturbance Rejection
600 30 60
| | %\E I | I I | | [ I
;‘ E‘ e [ h—) - —
=, 300 152 g0 B e
o g 52 Bpe(1)
= 0 0t =g 0f
(=] = (=]
= S £ g i 1
-300 -15 53-30
Q
| | | | | | ' = .60 L l L L l L | | |
-600 -30 0 03 0.6 09 1.2 1.5 1.8 2.1 2.4 2.7 3
Time [ms
2.5 — T T T T T T T 1 30 [ms]
35: | | I I | | | |
> 2 B '
= v, (1) ] e A
o 1.5 | e+ DC.E
2 522 By (1) i
(=] o o DC
> 1 . .E 2-10 / ]
@ O
0.5 - §§ 0 W
l l L I | l l I | = .10 l I | l l | 1 | |
0O 10 20 30 40 50 60 70 80 90 100 0 06 1.2 1.8 2.4 3 3.6 4.2 48 54 6
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» Technology Hype Cycle

- 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

Disillusionment
Technology

Trigger Time

PCIM ETH:zurich
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» SST Limitations — Application Areas

- SST Limitations
SST
* Efficiency (Rel. High Losses 3-6%) *
 High Costs (Cost-Performance Ratio still to be Clarified) S (5]
* Limited Volume Reduction vs. Conv. Transf. (Factor 2-3) High Performance High Prformance
* Limited Overload Capability el
* (Reliahility)
Performance

" igh Cone

- 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

PCIM ETH:zurich
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» Application Areas — SST Advantages/Weaknesses

[] LFtrafo. Functionality [] LF trafo. Functionality

[] ssT [] ssT I
Reliability kW/dm’ Reliability ‘ kW/dm’
kW/$ kW/kg KW/$ kW/kg
Efficiency Efficiency
- Traction - LF Transf. vs. SST - Distribution - LF Transf. vs. SST

!ZEHIMRICA ETH:urich
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» Main SST Optimization Potential

- 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 H20 Cooling, avoiding Oil)

- “Low” Voltage SiC Devices for Efficiency Improvement

- Multi-Level vs. Two-Level Topologies with SiC Switches — “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)

!zIEHIMRICA ETH:urich
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» Future Research Topics

Done!

To be
Done...

PCIM ETH:zurich

SOUTH AMERICA



Power Electronic Systems 199/205
Laboratory

==l
N
L

» Overall Summary

- SST is NOT a 1:1 Replacement for Conv. Distribution Transformers
- SST will NOT Replace All Conv. Distribution Transformers (even in Mid Term)
- 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

- SSTis NOT AT ALL Reflecting the Actual Functionality — EEnergy Router (?)

PCIM ETH:(irich
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Thank You!

Questions?

-
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