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» Classical Transformer (XFMR) — History (1)

m 1830 Henry / Faraday —  Property of Induction

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

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

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

W. STANLEY, Jr.
Patented Sept. 21, 1886, No. 349,611, INDUOTION COIL.

m 1885 Stanley (& Westinghouse) = —  Easy Manufact. XFMR (15t Full AC Distr. Syst.)

ETH:iirich PCIM
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» Classical Transformer — History (2)

UNITED STATES PATENT QOFFICE,

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, 1890, Sexial No. 336,290 (No model.)

m 1889 Dobrovolski —  3-Phase Transformer

5/233

(No Model.)

M. VON DOLIVG-DOBROWOLSKY.
ELEOTRIOAL INDUGTION APPARATUS OR TRANSFORMER.

No. 422,746, : Patented Mar. 4, 1800.
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m 1891 15t Complete AC System (Gen. + XFMR + Transm. + EL. Motor + Lamps, 40Hz, 25kV, 175km)
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» Valve-Controlled MF Transformer Link DC/AC Converter

m Isolated Medium Frequency Link DC/AC Converter

Patented Feb. 19, 1929, 1,702,402 + 300
, . . : Q LT
- UNITED STATES PATENT 'OFFICE. & ; T | A
S R O R ; T |
LOUIS A. HAZELTINE, OF HOBOKEN, NEW JERSEY. : - Lyr = .‘E:E?;E ! ¥ ——‘5" L L E—C
., METHOD AND APPARATUS FOR CONVERTINGEL‘EG]TRIC _QWER. SrEE ’ = ﬂf&—l:.;j_ Fi
Original application ﬁl’iiilsuiix:iﬁ?llg:uiiisgg,’ 70, Beral Wo. 1t ed e il ¢ @ 1Eche R
I e’ B
I claim: o '
1...A system for operating an alternating- + 3 l
current motor from a source of direct-cur- S, e
rent power, which eomprises a cascade elec- o T 3
trostatically controlled -valve converter &y 'I q:-L[‘ Jﬁ
which converts ths: direct-current power by £ [T _EL PPT
first into high-frequency power and then l / _LJ_@@
mto low-frequency polyphase power for sup- lf e E@T Faas
ply to the motor, two poesitively connected = ' ! L= =
control  commutators for said valve con- ] d
verter. a set of brushes for each of satd comn- P |
mutators, and means for driving one set of S e
brushes relatively fo the other, the relative —————  fnd INVENTOR
metion determining the frequency supplied B‘Yi ""F’;'*dﬂ'“
to the motor. : Foensnce, Dmu?ﬁ?mu:#g%gﬁ
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United States Patent Office

3,517,300
Patented June 23, 1970

1

3,517,300
POWER CONVERTER CIRCUITS HAVING A
HIGH FREQUENCY LINK
William McMurray, 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
U.S. CI. 321—60 14 Claims

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits
have a high frequency transformer link whose windings
are connected respectively to the load and to a D-C or
low frequency A-C source through inverier configuration
switching circuits employing inverse-parallel pairs of con-
trofled turn-off switches (such as transistors or gate turn-
off SCR’s) as the switching devices. Filter means are
connecied across the input and output terminals. By syn-
chronously rendering conductive one switching device
in each of the primary and secondary side circuits, and
alternately rendering conductive another device in each
switching circuit, the input potential is converted to a
high frequency wave, transformed, and reconstructed at
the output terminals., Wide range output voltage control
is obtained by phase shifting the turn-on of the switching
devices on one side with respect to those on the other
side by 0° to 180°, and is used to effect current limiting,
current interruption, current regulation, and voltage regu-
lation.

m Electronic Transformer (f; =f,)

1968!

Filed April 16,

7/233

Inverntor.
Witlam MeMurray:
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m AC or DC Voltage Regulation & Current Regulation / Limitation / Interruption
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» Electronic Transformer

m Inverse-Paralleled Pairs of Turn-off Switches
m 50% Duty Cycle of Input and Output Stage
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mf,=f, = Not Controllable (!)
m Voltage Adjustment by Phase Shift Control (!)
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 NO. 4, JULY/avcust 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 QUTPUT

HIGH
FREQUENCY
TRANSFORMER c
([ 1

A1l
1"

HIGH FREQUENCY Fig. 5. s-bri tronic transformer; arrows define positive
| Mow FREQUENCY | ] ig. 5. Double-bridge electronic ormer; arrows define p v

SWITCH CONTROLS polarity of voltages and currents.

Fig. 1. « Principle of electronic transformer.

m Input / Output Isolation
m "Fixed" Voltage Transfer Ratio (!)

m Current le]tah?n Feature Fig. 8. Transformer waveforms, de load 10 A; search-coil voltage—
™ fzfres (ZCS) Series Res. Converter 72 V/div; primary current—50 A/div; time—20 us/div.
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 NO. 4, JULY/avcust 1971 | <€—— 1 9 7 1 ® 451

The Thyristor Electronic Transformer: a Power

Converter Using a High-Frequency Link

WILLIAM McMURRAY, SENIOR MEMBER, IEEE
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Fig. 5. Double-bridge electronic transformer; arrows define positive
polarity of voltages and currents.
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m Input / Output Isolation
m "Fixed" Voltage Transfer Ratio (!)

m Current Limitation Feature Fig. 8. Transformer waveforms, de load 10 A; search-coil voltage—
™ fzfres (ZCS) Series Res. Converter 72 V/div; primary current—50 A/div; time—20 ps/div.
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United States Patent [19] i} Patent Number: 5,027,264
DeDoncker et al, s] Date of Patent:  Jun, 25,[1991] <«— 1991

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

BRIDGES e
[75] Inventors: Rik W.DeDoncker, Niskayuna, N.Y.;
Mustansir H, Kheraluwala;
Deepakraj M. Divan, both of
Madison, Wis.
[22] Filed: Sep. 29, 1989
20
Ig ) /
EZJ 24>J _ 303) 32J To .
A P : | |
21 |27 35 Vag - | | .
il wf | ” Vort @ﬁ | — T 2
R 36 VPQ : ! _:___ ‘
23 . zsy _}_ F'hufse E 3 Il >
ranstormer /\ /\ ! ! | | ! :
: 31 ) |
— | ® ol TINL L N
|

|
|
|
|
|
|
i I i
L \f\;/i e
) MOS-Controlled I I i i [ | '
= Thyristor {MCT)
| T FIG. | FIG 2

m Soft Switching in a Certain Load Range
m Power Flow Control by Phase Shift between Primary & Secondary Voltage
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» Terminology (1)

United States Patent ;9 (1] 4,347,474
Brooks et al. [45] Aug,. 31, 1982
[54] SOLID STATE REGULATED POWER Record, IEEE Power El . 13-
TRANSFORMER WITH WAVEFORM Atlanta, Ga., USA, (16-20 . Y
CONDITIONING CAPABILITY Nienhaus & Bowers, “An fConvERTER T TTTTTTTTTT -E
[75] Inventors: James L. Brooks, Oxnard; Roger L Filter”, PESC *78 Record, o I it Vi i B 1 26
Staab, Camarillo, both of Calif,; Middiebrook et al, “A Ge g i BN . N »
James C, Bowers; Harry A, Nienhans,  Modelling Switching-Conv =~ i \I\. 23 ™~ I
both of Tampa, Fla. "76 Record, pp. 18-31. Vin | ] ' L3 L |
60 Ha | [ I
[73] Assignee: The United States of America as . . - 2 ! i i
represented by the Secretary of the i’:;gfrzyEi‘;”;:’f;’;Ef;m [ T + ' : |
N N Y — ' ]
Nﬂvy, Was}ﬂngt()ﬂ" D.C. St. Amand; W. C. Dauben - L —““": ——————————————————— : ————————— 4
[21] Appl No.: 188419 ' _ ! 39 !
2] Filed:  Sep.18[1980 | €«<— 1980 7 ABST .'______-l
- . as VU
3&\ /@4 /wz
PULSE
wioTH oD fa— PHERE DT et (e hGRR
OTHER PUBLICATIONS
Bowers et al, “A Solid State Transformer”, PESC ’80 ™~ aweL e
"AE A I I I EEEEEEEEEEEEN] Lim CKT. 60 Ha REF
. 180° OUT OF PHASE 34
m No Isolation (!)
m “Transformer” with Dyn. Adjustable Turns Ratio Fig. .
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» Terminology (2)

O o] | A
U, l AC l u,*
2 " f:*
x° °N
Y
Comm.
McMurray Electronic Transformer (1968) 4_+|'—_¢
Brooks Solid-State Transformer (SST, 1980) (1, O] )
EPRI Intelligent Universal Transformer (IUT) Uy AC Uy
ABB Power Electronics Transformer (PET) fi b AC B fr*
Borojevic Energy Control Center (ECC) C o —o (
Wang Energy Router 14 N
etc. Comm.

ETH ziirich PCIM
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» Classical Transformer — Basics (1)

m Magnetic Core Material
m Winding Material
m Insulation / Cooling

m Operating Frequency
m Operating Voltage

m Voltage Transfer Ratio
m Current Transfer Ratio
m Active Power Transfer

m Reactive Power Transfer
m Frequency Ratio

* 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,)
* Fixed (Q, = Q,)
* Fixed (f, = 1)

m Magnetic Core _ 1 u 1
Cross Section Core 27 émax f N,
o 21
m Winding Window A, = N,
¢ kyJ
WY rms

ETH:urich

PCIM
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» Classical Transformer — Basics (2)

m Scaling of Core Losses

Py £,V
P, (5 )Poc}
m Scaling of Winding Losses
. 4

P, ocI*R oc I?
s 1 KA
Pdeoc7

Wdg

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

ETH:zirich PCIM
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» Classical Transformer — Basics (3)

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

Losses at No Load

Sensitivity to Harmonics

Sensitivity to DC Offset Load Imbalances

Provides No Overload Protection

Possible Fire Hazard

Environmental Concerns A P

Core de= Fd -
Construction Volume kw] rmsBmax f

P. ... Rated Power
k, ...  Window Utilization Factor (Insulation) 4\ 4\ 4\
B..x ...  Flux Density Amplitude

Jims oo Winding Current Density (Cooling)
f Frequency

Low Frequency — Large Weight / Volume

ETH:urich
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» Classical Transformer — Basics (4)

m Advantages

* Highly Robust / Reliable

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

ETHzurich PCIM

EUROPE



S1C I Power Electronic Systems
I = Laboratory

SST Concept

Future Traction Applications

ETHzurich
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» Classical Locomotives
m Catenary Voltage 15kV or 25kV N s e

m Frequency 162/, or 50Hz 1ok
m Power Level 1...10MW typ.

AC/ [ |DC
DC AC ]
1 kV 3ph
Loca Cooling Fans _ B Cirout . )
Compressor , [T R?dlﬂer Breaker Gt agl
Battery \, L i i il
1 LC Link _
tdator Blowers lain
. Inverter

'y 4 |

Avziliary . \|
Rectifier gy piligpy o0 1TANSOrMEr / AxeBrush 3P hase AC Motors

3-Phaze AC Motors Irverter To other 3-phase
AC mators

m Transformer Efficiency 90...95% (due to Restr. Vol., 99% typ. for Distr. Transf.)
Current Density 6 A/mm? (2A/mm? typ. Distribution Transformer)

Power Density 2...4 kg/kVA
ETH ziirich PCIM
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» Next Generation Locomotives (1)

m Trends * Distributed Propulsion System — Weight Reduction (pot. Decreases Eff.)
* Energy Efficient Rail Vehicles —  Loss Reduction (would Req. Higher Vol.)
* Red. of Mech. Stress on Track — Mass Reduction (pot. Decreases Eff.)

AC Catenary (19kV, 167Hz or 25kV, 50Hz) AC Catenary (15kV, 16%Hz or 25kV, 50Hz)

LFT

) | ) AL

DC DC

MYk kAT
AC,; > DC AC; > AC,,  AGy > DC

Rail Rail

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

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

ETH:iirich PCIM
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» Next Generation Locomotives (2)

m Loss Distribution of Conventional & Next Generation Locomotives

i

I — AC

1l O

1]

::j

i DC

DC
—( 3
AC D P

J

A

O Y — 5P a)
AC/DC —-

i| P, b)

AC AC DC -— AC/DC
.‘ii-. ‘—L'i ——{ gg Transformer ——
AC DC T AC —— Transformer
b)
a) b)

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

ETHziirich PCIV
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SST Concept

Future Smart Grid Applications
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» Advanced (High Power Quality) Grid Concept

m Heinemann (2001)

Small Distributed

Generation Units
Set of Diswibured Resources
" , - y
3 .
N H | .

___________________

______________________

‘.‘ | ' —
I N B |
| S——
EE— g 1 Prowered
J
! ! —
| |
1

il
i
l 7 el — -
| Distributed Storage = | Normal AC
| &g Flywheel X | Loads Office Buildings, Banks, Malls,
| % = A Hospitals, Industry....

i/ SRR =i
Secondary Substation with MV/LV Power
Elecronics Transformer

| Conventional Secon-
| dary Substation
1

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

ETHziirich PCIM
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» Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.

m Huang et al. (2008)

m SST as Enabling Technology for the “Energy Internet” IFM = Intellig. Fault
s © Management
* Integr. of DER (Distr. Energy Res.) = ©
 Integr. of DES (Distr. E-Storage) + Intellig. Loads o\
* Enables Distrib. Intellig. through COMM l
 Ensure Stability & Opt. Operation 3 L E' 0
S M
gL = L Jg
O wn = s
< 2 ™
12 kV AC Bus 8 — a
— [P 28rs0 ey = [z- {E
o =
) T !
COMM [ 1 . . : o
SST 3 L l s}
400V DC Bus T—T— | 120V AC Bus Zl_ = T E J§
|J;L| 3 ® - g
(X Y] X X 3 — w) &)
0] T ko] he] o - O
3 1 T D 1Tz 51— I
£ o o o 0 ¢} =
n at < < l |

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

ETH:iirich PCIM
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» Smart Grid Concept

m Borojevic (2010)

m Hierarchically Interconnected Hybrid Mix of

AC and DC Sub-Grids

Distr. Syst. of Contr. Conv. Interfaces

Source / Load / Power Distrib. Conv.
Picogrid-Nanogid-Microgrid-Grid Structure
Subgrid Seen as Single Electr. Load/Source
ECCs provide Dyn. Decoupling

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

m 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

gke.

ETH:urich
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HVAC \él | ’ I \!I HVAC
TRANSMISSION ) (1) TRANSMISSION
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I 1
@ |
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‘!F PV }r?rwmn @%HEV i?rv WIND &&-HEV
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|| B \ \I BEA |eLd REA
" AC DISTRIBUTION AC DISTRIBUTION
" wp (" h
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» Smart Grid Enablers / Drivers (1) ... besides €0, Reduction /
Ren. Energy Integration etc.

m WBG Semiconductor Technology — Higher Efficiency, Lower Complexity
m Microelectronics —  More Computing Power

typical Cell R XA @25°C

0l

——Si Limit
= = Si Compensation Limit (@16pm Pitch) »
~= == Si Compensation Limit (@4pm Pitch)
= -=Si Compensation Limit (@1pm Pitch) . 3
3 3 transistors
|| = GaN Limit
100,000,000

Pentium®a 4 Processor

IGBT-Limit (Nakagawa)

m  CoolMOS C3/C5
® SFET3HV Pentium® Il Processor
= SFET4/5 w/o Substr
* IGBT3/4/RC ! MOOFIEIS L-AW = N e
. oSG JFET IFX entium® Il Processor 10,000,000
NE » GaN HEMT published Pentium® Processor
IS
c 4 1,000,000
<
> a
n:g 100,000
] 10,000
] 8008
. 4004 £
i ./ e : i i 1000
1000 10000 1970 1975 1980 1985 1990 1995 2000
] 14
» + Advanced packaging (!) » Moore’s Law

ETH:iirich PCIM
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» Smart Grid Enablers / Drivers (2)

m Metcalfe's Law

* Moving from Hub-based Concept
to Community Concept Increases
Potential Network Value
Exponentially (~n(n-1) or

~n log(n) )

®

| | °

® P 3 ¢ ® o

™

® " * o e V:
.
3 10 21 36

ETH:urich
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600

450

300

150

B Numberofnodes [l Connections
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» Smart Grid Enablers / Drivers (3)

m Battery Technology

m TESLA Announces “The Beginning of the End For Fossil Fuels”
m Plans to Invest US$ 4-5 Billion in US Gigafactory until 2020
m Scalable up to Several MWh's

Energy Storage Product Overview
SURFACE AREA OF SOLAR PANELS
REQUIRED TO POWER ENTIRE U.S. N

Product Line Automotive Residential Commercial
Power/Energy 310 KW / 85 kWh 5 kW /10 kWh 200 kW / 400 kWh+
@) Listed >
Outdoor Rated >

m = US$ 300 / kWh

ETH:iirich PCIM
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» SST Functionalities

m Protects Load from Power System Disturbance

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

m Protects Power System from Load Disturbance

Unity Inp. Power Factor Under Reactive Load
Sinus. Inp. Curr. for Distorted / Non-Lin. Load
Symmetrizes Load to the Mains

Protection against Overload & Qutput Short Circ.

m Further Characteristics

Operates on Distribution Voltage Level (MV-LV)
Integrates Energy Storage (Energy Buffer)

DC Port for DER Connection

Medium Frequency Isolation — Low Weight / Volume
Definable Output Frequency

High Efficiency

No Fire Hazard / Contamination

ETH:urich

h

h
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» SST vs. Uninterruptible Power Supply

m Same Basic Functionality of SST and Double Conversion UPS

 High Quality of Load Power Supply
 Possible Ext. to Input Side Active Filtering

* Possible Ext. to Input Reactive Power Comp. 4—||—§

(1, Ot —o A
Uy uy*
b°— — B rx
fl AC f2
o — ¢

o—

Rectifier DCto AC
Inverter

Battery

m Input Side MV Voltage Connection of SST as Main Difference / Challenge
m Numerous Topological Options

PCIM

ETHzurich e
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10 Key Challenges
of SST Design

Topology Selection

Power Semiconductors
Single-Cell vs. Multi-Cell
Reliability

Medium-Freq. Transformer
Isolation Coordination
EMI

Protection

. Control & Communication
0. Competing Approaches

SO NS LA WN R

ETHzurich
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Challenge #1 /10
Topology Selection

Partitioning of AC/AC Power Conv.
Partial or Full Phase Modularity
Partitioning of Medium Voltage

ETHzurich
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» Basic SST Structures (1) N ][

AC DC

A oLk Ac —|oc ST

m 15t Degree of Freedom of Topology Selection — " }H[ el /L

Partitioning of the AC/AC Power Conversion =

| 4Ac /T, e | A€ I o S

* DC-Link Based Topologies . AC }"[ B

* Direct/Indirect Matrix Converters ——
* Hybrid Combinations 1/ T

w [ Y, } [ Y
L] " L]
o— 1l
I}

ol / DC AC AC
*— ac /1 bc j[% — oo /T
L] " L]
o—| Il -
o / DC AC Do Aol

T Ac

AC DC AC I D —
‘e’ +

] ¥/ IE /.

o/ Do AC Do acl,

L— o
1 AC I DC }[&(’
+ ‘|'n’
— Il S
- il
| /ve L] /ac el
= 20200
1 AC I DC ][.&(” — | pC /0
+ ‘|'n’
. = i —
o/ DC l AC pol 1/ a0 |
—
T AcC I DC j[% I bc /T
+ ‘mm* +
/| T u /T
o/ DC AC DC _—E AC |,
—
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» Basic SST Structures (1)

m 1%t Degree of Freedom of Topology Selection —
Partitioning of the AC/AC Power Conversion

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

1-Stage Matrix-Type Topologies

ETH:urich

35/233

s

r

.

-

2-Stage with MV DC Link (Connection to HVDC System)
2-Stage with LV DC Link (Connection of Energy Storage)
3-Stage Power Conversion with MV and LV DC Link

[

.

.

i e

iy vt B A e )

|

TR T

PCIM
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» Basic SST Structures (1)

m 1%t Degree of Freedom of Topology Selection —
Partitioning of the AC/AC Power Conversion

* Mohan (2009) :: ::
ol =3 I
h . [ : : Rotor
O . iii I Generator
'YW Y !
4 T
T Y Y ];L ‘N I':;I_L_;"l ] Wind Turbine
13.8kV ) H[
Grid A
" }]E %3 i 111 W 2/ Gear Box E—
A - %D:@E —
L Ll o
_@ - iit r;@__ Convention: alw:nlp 1 generation system
M ” L
sw, 8 EC= OH mOIH
SW“ - Recent wind turbin )tmn 6
m Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM) 8 T ¥ |
m LV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency
ETHiirich PCIM
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» Basic SST Structures (1)

m 1%t Degree of Freedom of Topology Selection —
Partitioning of the AC/AC Power Conversion

* Mohan (2009) :: ::
ol =3 I
h . [ : : Rotor
O . iii I Generator
A4 !
4 T
T Y Y ];L ‘N I':;I_L_;"l ] Wind Turbine
13.8kV ) H[
Grid A
" }]E %3 i 111 W 2/ Gear Box E—
A - %D:@E —
L Ll o
_@ - iit r;@__ Convention: alw:nlp 1 generation system
M ” L
sw, 8 EC= OH mOIH
SW“ - Recent wind turbin )tmn 6
m Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM) 8 T ¥ |
m LV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency
ETHiirich PCIM
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» Basic SST Structures (1)

m 15 Degree of Freedom of Topology Selection — AC Input Voltage

- " Rectifier Output Voltage
Partitioning of the AC/AC Power Conversion Transformer Input Voltage

‘ Spectrum of Transformer Voltage

m Indirect Matrix-Type 1ph. AC/AC Converter :DE ...............................................................................................................................................

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

wvolt

5 lb 3.

100 o i i
(a) l -lwo.o 100 0.0 £ ]
- E Voot (C) Time (g}
© ] ——— — S S ——
? (b) -(} {} g i_rl“:: ......................................................................................................................................................
Py IS B S
Bl M A)L ............... T P e
0.0 20 40 6.0 8.0 .0
(d)

Freanency (kHz)

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

m Output Voltage Control by Phase Shift of Primary and Secondary Side Switches (McMurray)

m Lower Number of HF HV Switches Comp. to Matrix Approach

ETHzurich PCIM
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» Basic SST Structures (1)
m 1%t Degree of Freedom of Topology Selection —

Partitioning of the AC/AC Power Conversion

m DC-link-Type (Indirect) 1ph. AC/AC Converter
m Dual Act. Bridge-Based DC//DC Conv. (Phase Shift Contr. Relates Back to Thyr. Inv. / McMurray)

: HVDC link g ive Bri LVDC link  pouble-Phase Inverter LC Filt
Rectifier 11.4 kV e DCDCDuaIAdNendge‘. 400V er Load

A IR X I

(Ayyanar, 2010)

w% _%_ B W/D; N %%
| - TN A
| T |

m Alternatives: AC//DC  — DC/AC  Topologies w% _% %M
AC/DC  — DC//AC Topologies — —

ETHziirich PCIV
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Partial or Full Phase Modularity

ETH:urich
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» Basic SST Structures (2)

— jo /- -

o— — i | —o

m 2" Degree of Freedom of Topology Selection — —/ AC e = AC ko
Partial or Full Phase Modularity = /|

* Phase-Modularity of Electric Circuit T Aﬂ! — AC :

* Phase-Modularity of Magnetic Circuit ~H=24d ===——==

—] / AC AC |-

; =T /b

: - .

, — _|!—‘ Ac L.

' E 5

> AC ” —

A= acf

v Phase-Integrated SST . %——'E‘-% .

o 4Ac /- .— o S o A-_.E 4,
b I 2 AC H%A( AC

f

AC AC

f
1
i

I
I 1T]
4

& &1—[

—l/ AC | AC

ETHzurich PCIM
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» Basic SST Structures (2)

m 2" Degree of Freedom of Topology Selection —
Partial or Full Phase Modularity

m Enjeti (1997) EE EE E3 m Steimel (2002)

" L, R =
= ==

i
by

tgL

iy

kS

i

e i
S
£

m Example of Three-Phase Integrated (Matrix) m Example of Partly Phase-Modular SST
Converter & Magn. Phase-Modular Transf.

ETHzurich PCIM

EUROPE



S1C I Power Electronic Systems
I = Laboratory

Partitioning of Medium Voltage
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» Basic SST Structures (3)

m 3" Degree of Freedom of Topology Selection —
Partitioning of Medium Voltage

m Multi-Cell and Multi-Level Approaches:
* Low Blocking Voltage Requirement
* Low Input Voltage / Output Current Harmonics
* Low Input/Output Filter Requirement

° — a)

a Single-Cell / Two-Level Topology

ETH:urich

ISOP = Input Series /
QOutput Parallel
Topologies

44/233

PCIM
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» Basic SST Structures (3)

Marquardt " —, | Alesina/
. Venturini
q . == (1981)
m 3" Degree of Freedom of Topology Selection — .
Partitioning of Medium Voltage |
Tt = |
m Multi-Cell and Multi-Level Approaches:
o
= Uy =l_ .J
Akagi McMurray
(1981) (1969)

2 4

<« Multi-Level/
Multi-Cell
Topologies

<« Two-Level Topology

ETHziirich PCIM



Power Electronic Systems
FEE Laboratory Y 46/233

» Basic SST Structures (3)

m 3" Degree of Freedom of Topology Selection —
Partitioning of Medium Voltage

m Bhattacharya (2012)

g
<

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

G4 a4 doa o3 o
b} T bt

y

£
1!

.K}]i,(’}ii £ i, %

DC-DC Converter

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

ETH:irich PCIM
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» Basic SST Structures (3)

DC-DC Converter

m 3" Degree of Freedom of Topology Selection —
Partitioning of Medium Voltage

m Akagi (2005)

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

m Combination of Clustered Balancing
Control with Individual Balancing Control

ETHziirich PCIV
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» Basic SST Structures (3)

31 Degree of Freedom of Topology Selection —

Partitioning of Medium Voltage

m Das (2011) © 'EGEF

Fully Phase Modular System ﬁ,} »Ei} /
Indirect Matrix Converter Modules (f; = f£,)

MV A-Connection (13.8kV,, 4 Modules in Series)
LV Y-Connection (465V/v'3, Modules in Parallel)

é

k | ’ | j E
SO ), VT

el R

[ ] 1 =

y
| |

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

ETHziirich PCIM
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» Basic SST Structures (3)

m 3" Degree of Freedom of Topology Selection —
Partitioning of Medium Voltage

m 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/v'3, Modules in Parallel)

| | | L
K J ) &Jl - Jo), ) ) ]
|

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

ETHziirich PCIM
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» Classification of SST Topologies

50/233

Degree of Power

Conversion Partitioning

o
L i% J J
=<
—y T %4 Fy J
j E]‘ 1
I

LV and MV 3ph.
Integrated
-

Two-Level
Single-Cell -

LV and MV 3ph.
Multi-Level Fully Phase Modular

Multi-Cell

, K Y N
Y o J

-~ Degree of
Number of Levels Phase Modularity

Series/Parallel Cells

m Very (!) Large Number of Possible Topologies
m Partitioning of Power Conversion

m Splitting of 3ph. System into Individual Phases
m Splitting of Medium Operating Voltage into Lower Partial Voltages

ETH:urich

a Enjeti (2012)

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

PCIM
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Power Semiconductors
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» History of Si High-Power Devices

! ; <« Historical Development of Device
PCT/Diode i

Bipolar | o evolving Technologies
Technologi ‘ N : ' i
echnologies g/ : GTO | IGCT
« D ¥ " evolving (.
BJT 5 |
MOSFET |
. ’ & evolving
MOS | | |
Technologies * ‘ I
evolving (.)
Ge — Si
1960 1970 1980 1990 2000 2010 Img.: Rahimo/ABB, 2014
1.E+08
150mm
100mm 125mm ai—
e Le _ PressPacl
Development of Max. Switching Power » g e
< 1407
5 Insulated
H
o
a.
-7}
£ =—=Thyristor
<=
£ 1e+08
E =GTO/IGCT
v
w=|GBT
1.E+05 |
1960 1970 1980 1990 2000 2010 2020

ETH:urich

Year
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» Available Si Power Semiconductors

m 1200V/1700V Si-IGBTs Most Frequently m Derating Requirements Due to Cosmic Radiation
Used in Industry Applications 1700V Si-IGBTs — 1000V max. DC Voltage
Source: H.-G. Eckel/Univ. Rostock
Semiconductor evolutions — IGBT s F— I —7 = —
Power device technology positioning ﬁ E 1700 V ". ,II - 7z 7
| IGBT A7 B
L4 Pl //
5 od i l" a/
wet I K
| MOSFET 1000 25 o S
7 125°C
. : 1000 7
g Triacs M AMSL ,'/ : /’ 1000 m AMSL
3 o F
= Bipolar g /
: 100 H
o o
200v [ance> 600V orless 1200V or mare oy, N e > ":' 4 f
wome sP\: gystem Voltsge ‘"dusransn e 3.3kV and more f '.r .
cons¥ s 25°C 125°C
) L‘iﬂ!iﬁ:‘?ﬁ’éﬁﬁ?E‘Lﬁis";r:'?':i":‘:ﬁ}‘&i“. .':’?!52505.,“,!2;'2;1}?.2;:L‘.’i‘i‘i;’."!fr?%ﬁ!“o‘t?msme, Om AMSL [/ 0m AMSL
b . ity beca . :
_mmllg 15 t:dwect’f:i:uiwlfuuen solution in medium an igh voltage u-\YDli_ 1 0 -V\ I| '| I I| I '| U
Img.: Yole Développement. 1000 1050 1100 1150 _Hd_
Y

m Blocking Capability Up to 6.5kV
Proven Heavy-Duty Module Techn. Up to 3.6kA
m Rel. High Switching Losses

ETHziirich PCIM
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» Sivs. WBG (SiC/GaN) Semiconductors

m Superior Material Characteristics than Si

Bandgap (eV)

Maximum © Electron
Electric Mobility
Field (cm?3/Vs)
(MV/cm
Img.: Chow, 2015.
1000
Saturation N oo <
drift velocity “3 2 Blaglg;as E
x107 (cmy/s) < Img.: Morita, 2015. — 100
£
g 10
m SiC More Mature than GaN for p
HV Applications £ 1
2 ¢
w
. L 2
m Outlook: SiC IGBTs for BV > 10kV 01
10 100 1000 10000
Breakdown Voltage (V)
€5si WSiSJ ©IGBT ®SiC A GaNHFET W IRGaN
ETH:iirich PCIM
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» (Far Reaching) Outlook for WBG Semiconductors
W p—

Amount of semiconductor
material needed to
isolate10,000V

) . _BV
= ="M=

silicon gallium arsenide gallium nitride silicon carbide diamond
1000pm 1000pm 100pm 90um 20pm

Img.: http://www.evincetechnology.com/whydiamond.html

Img.: Chow, 2015.
1000

100
m Specific On-State Resistance vs.

Critical Elec. Field Strength

. 4BV?

Ron,sp —

Specific On-Resistance (mOhm-cm?)
=

€EUn Eg .

0.1

10 100 1000 10000
Breakdown Voltage (V)

€5si WSiSJ ©IGBT ®SiC A GaNHFET W IRGaN

ETH:irich PCIM
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» SiC Power Semiconductors

m Lower Switching Losses » Higher f,, Smaller Passives
m Higher Blocking Voltages  » Fewer Devices, Lower Complexity

Img.: Cree Inc.

10kV SiC MOSFET »

[kV] SiC
20 Jo 20 kV bipolar
Img.:
P. Steimer/ABB
Si @
10 | 10kvV__ ~ 10 kV unipolar
0.3 kHz 10 - 20 kHz
1
5
Mature Si
technology 1.2-3.3kV
unipolar SIC

1 5 20 [kHz]

ETHzurich

=
N
|

Number of Levels

Img.: B. Passmore/APEL, 2015.

1 |—6.5 kV Si IGBT
1|—12 kv SiC MOSFET

=
o

jr

T

o))

I_l

I

|

o1

0 10 20 30
System Bus Voltage (kV)

56/233

26
22
i n
18 2
S
1 14 t%
ale:
\ 10 8
=
3
=
~ 3 Components
2\ | - Modules
- Gate Drivers
| .o |- Passive
40 components
- System housing
materials

PCIM
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» SiC Semiconductors Available for High-Power Applications
m Example: All-SiC Traction Inverter (2014)

* 3.3kV/1.5kA SiC Modules in All-SiC Traction Inverter
* 65% Reduction of Size and Weight
* 55% Loss Reduction

[kW]
5000
- MITSUBISHI
2000 High speed A "‘ELECTRIC 2014 v
rail Changes for the Better
1000
3.3 kV/1500 A
500 bt Full-SiC power module
200 1.7 kV/1200 A
100 @ Hybrid-SiC power module
_~Img: M. Furuhashi/Mitsubishi, 2015

750 1500 3000

Rated voltage for power device [V]
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» Major WBG Semiconductor Application Challenge: Packaging

m Low Inductance for Fast Switching

e < 2nH for 300A Module
e 15 x Lower Than Conventional

m Isolation for HV Devices

v
Midpoint

High Temp. Lid

Creepage
Extenders
+V

a 15kV/80A, APET

ETH:urich

DC-link capacitor

flexible circuit board
connected to PCB or copper busbar

Module housing

TC

DBC substrate

heatsink

Img.: M. Robhtz/Sem1kron 2015

()

24kV/30A, Fully Potted, APEI »

* Isolation of Gate Drives
* dv/dt Capability of Gate Drives

PCIM

EUROPE
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» WBG Semiconductor Reliability Considerations

m Cosmic Ray Induced Failures m Increased Thermo-Mechanical Stress on
Interface Materials

Source: J. Lutz et al.
8OMev oo 120 ———————— S LUIZ et
D001 FrT T Rumn [Standard module without base plate

10 b 115 |

10° 110

10° F

107 k

Normalized [%]

10°

on-resistance [mQ*cmZ]
~
m

107 F

Cross-section normalized to

¢___$' HE I

10" F
E No-:-lz\‘rentsI

=11 1 1
200 300 400 500 0 20 40 60 80 100

Drain voltage [V] Normalized number of cycles [%]

90

10

a Therm. Cycling Perf. (600V SiC
Schottky vs. 1200V Si IGBT)

» New Packaging Technologies Will Help!

m Missing Long-Term Field Experience when Compared with Rugged Si Devices
m Further Research Required

ETHzurich PCIM
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8 I [
I [ [ [ [ [
LICICICCIE
HERENNEER

I Ee

For a given on-resistance (R_,) of 10mQ:

GaN-on-GaN lowers die cost
while improving R,, xCg

m GaN-on-GaN Means Less Chip Area

switching characteristic

E
£
=

[y

1
1
1
s |
|
500mQ, 50 chips 40mQ, 4 chips | 10mQ, 1 chip
Si-MOSFET ] 1
SiC | 1
Breakdown Voltage (V) Doping(cm-3) Drift Length (pm)
600 4.8x101 3.7
1200 2.4x10 7.3
1800 1.6x101 10.9
2400 1.2x101€ 14.6
3200 0.9x101¢ 19.4
4800 0.6x101¢ 29.1
5600 0.5x1016 34.0

ETH:urich

Rps,on (mQ-cm?)

1000

g

=
o

[

0.1

» Vertical FET Structure

60/233

» Vertical (!) Power Semiconductors on Bulk GaN Substrates Aa\/qu

advancing
energy
efficiency

Edge Term.

|::> N-GaN <:|

Source P GaN Source

ro \  [rom

N GaN Drift Layer

Edge Term.

O Previous Avogy Diodes " N\
1 .o'.\\\«‘
@ Na-flux Substrate Diode )
2 1000 10000
Breakdown Voltage (V)

PCIM
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Challenge #3/10
Single Cell vs. Multi Cell

Optimum Number of Levels
DC/DC Conversion

» DAB

» HC-DCM-SRC

ETHzurich
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» Power Electronics in MV Applications
m Limited Blocking Voltage Capabilities of Si Semiconductors (< 6.5kV)
» Direct Series Connection » Cascading of Converter Cells

(or HV SiC!)
phase

|

m Modularity
= Multilevel Output Volt. 4@& 4)(}

* fs o 1/n? for Same Filter {2& 4%

neutral

ETHzurich PCIM
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» Basic Trade-Offs Quantified: Switching Losses

m Cell DC Voltage:
m Switching Frequency for Equal Current Ripple:
m n Cells

» Assumed » Real ——

ETH:urich

Voc X 1/n
fo o« 1/n?

v

1

0.9

0.8

5 0.7
E 0.6
0.5
0.4

off/ Prom [M)/

E,
e
w

0.2
0.1
0

switching losses

B o 1/n?

Neell

Normalized IGBT Turn-Off Energies

4.5kV-

1200V

01 02 03 04 05 06 07 08 09 1
IC/ICHOI’"

PCIM
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» Basic Trade-0ffs Quantified: Conduction Losses

m More Cells, More Series Voltage Drops: P4 & 11

conduction losses

Neely

m Reality: Voltage Drop Increases with Blocking Voltage Due to Larger Drift Region

vo [V]

0 2000 4000 6000
(@ Vs [V]

ETH:urich

64/233

PCIM
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» Loss-Optimal Blocking Voltage Choice

m Semiconductor Blocking Voltage Choice Equivalent to Choice of Number of Cells Choice!

20 T T T T T T
i 2 |

< F ' »
_‘)-Q

5F | >

(For a 10kV Grid Application) 0 ; 4 : = . )
0 1000 000 3000 4000 5000 6000 7000
Vg [V]

» There Is an Optimum Blocking Voltage
» 1200V or 1700V Devices Best for 10kV Line-to-Line Voltage Applications

m Optimum Blocking Voltages 7000 == PYILT
for Other Grid Voltage Levels 6000 |-~ o i // ‘
5000 e “ASKV
> IRy
= 4000 f4-ih 33w
é 3000 . S ) BT {7‘
2000 f- 25
1000 600V - — 1700V -
() b : ' i
10° 10* 10° 10°
Vi [V]

ETH:urich
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» Efficiency vs. Power Density Pareto Front
WM%MW, _ﬁ ‘u% ==‘v
g 100 100 —
""""" ' i i - Inverter
VS. ‘ E __________ L
Eapn ; \SAI ..
L | |
1 | R TR R S
*4% {FS T | e
s g s A
T T 96 N P r ; 96 L WA : ;
"t ﬁ K% . 1 2 3 4 5 6 1 2 3 4 5 6
R p [kW/1] p [kW/1]
ﬁ‘ ﬁ%& L. — 600V (29) — 1200V (15) 1700 V (11) ) — 2.5 kV (7)
K —33kV(6) —45kV(4) = cells)
m Caution:
Minimum Filter Inductance Might be Required from (Application-Dependent) Protection Considerations
ETH:ziirich PCIM
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DC/DC Conversion
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» Example System: ETH MEGAlink Distribution SST

multilevel output

m Specifications 0k ﬂﬁ'ﬂ\mvoltage
RST !&“‘%\\ i
e 1 MVA i ﬁ/ Le —" converter cell
* 10 kVVAI((:;E% 800 \hg\ll)(S:?jnd 400 V AC ! /
SHCHEEAAS TR ARG | (GG | (I RHS
T BRI G EEIE ] [ Rl
T [FEIE R T F R [ B
DC/DC Converter— |+ [TREEIEHE] | (R HRIERE| || T[T R¥EIE
AR SERE]) [SIEQERA] [QFEES
NMV
m Commonly Envisioned Features MV phase stack
C A=
Voltage Scaling & Galvanic Isolation T 8

Power Flow Control

Reactive Power Compensation
Fault Current Limiting

DC Interface

"

1
T |ac

x500 kVA LV converters

+
800VDC ———  DChbus

ETHziirich PCIM
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DC/DC Conversion
» DAB
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» DAB — Common Bridge Configurations

m Half-Bridge

|

|
Cr
vb‘
"

|

I

|+

| JK’} JK’} ulll B
1 1 o - Two Voltage Levels on Each Side

m Full-Bridge

=

<

||

Il
._.2 o! :
pumg——
=

|

I+

Eq

N ,Jli’} ,JK’} ,JK:} - Three Voltage Levels on Each Side
° Additional Freewheeling State

ETHziirich PCIM



Power Electronic Systems
|-":5 Laboratory Y 71/233

» DAB — Common Bridge Configurations

m Neutral Point Clamped (NPC, Multilevel)

|
I

[
I+

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

|
Il

- Suitable for Higher MV/LV Ratios

ETH:irich PCIM
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» DAB — Phase-Shift Modulation

m Power Transfer Controlled through Phase Shift between MV and LV Bridges

|1t
I

L
“him-
N, : N,

ETH:urich

3 53

<o

Vi

72/233

Vio

Fundamental model of the dual bridge dc/dc converter.

[ —

Fundamental model (d=1)
Actual model (d=1)

20 40 60
@ (deg)

T

80 100

Comparison of the output power versus ¢, at d = 1, from the

fundamental model and actual model.

PCIM
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» DAB — Phase-Shift Modulation

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

5@

|1t

Il
._-2 c!"
—_
2

|

1+

=

=

| JKI} J[\} "JH)} » Soft Switching Range

soft-switching d=125
hard-switching
d=20
ik Vi e 15 Input Bridge

Boundary

\b T — ;\ d= 1.5
g7 v 3
5 5 P = d=10
; Yo
v . > 0.5
] d=05
1 -V E 1
; i : Output Bridge
/\ : 0.0 . Boundary

p / P : \ . 0 30 60 90
'f ! ; O (deg)

ETHzurich PCIM
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» DAB — Phase-Shift / Duty Cycle Modulation

m Additional Degrees of Freedom Can Be Utilized for Optimization
m For Example: Minimization of the RMS Currents through the Transformer (ETH, Krismer, 2012)

VACI
300V 30A
ymnn F1 ° VACD amumey [ A E——
Dy, Do, ol 200V A : 20A
! : AN
03 D, I /: ! - \ :
a V' oin 100V . 10A
04 | | ¢ N\
i _— | I/ :\
03 /:/ | OV /I ‘ ‘ \ T OA
' P ! L[] | N /!
pd ! / -100V ; = = { -10A
02 . | | | N /
- // _— ' ' 200V [ } PP __\/ - -20A
V TCM OT™ CPM ) } o :
0 ‘ 300V |- | | 1 -30A
0 | Pamax 2 Poptnax  Pmax P/KW : : ; : :
i — : y
0 ¢ L  1,=Ts/2 1 1|,lS 1 t; tg=Tq

m Not Possible in Half-Bridge Configurations (No Zero Voltage Intervals)

ETH:irich PCIM
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» DAB — Triangular Current Mode

m Duty Cycles and Phase Shift Utilized to Perform Zero Current Switching (ZCS)

Uppy 2 . :.' 4 Uy
N,i| N,
J J J
|
L
300V A“/
200V ‘
memefemd el f s x -1 '.VACZ
100V = B e [
oV
100V \ / :
200V : \ /
T=D\Ts: | T T \
2300V — : \
1 | o] jm |
T T |
0 t] fz Ts/Z, I}LS TS

ETH:urich

30A

20A

10A

0A

-10A

-20A

-30A

300V

200V

100V

ov

-100V

-200V

-300V

75/233
Z2CS on
ZVS on : ZCS on MV
LV Side \ Mv S1d\e and LV Sides
|
— Vaci 30A
INE
/ \\ 20A
Tty sk ekl Sl SECE =11 VaC2
N 10A
\ ‘
; / 0A
\ 17 -10A
: \ / -20A
I=DiTs: | T» T3 \
§ : \ -30A
1] |1 |
T T [
h b Ts/2 T Ts
» ZCS on MV Side (!)
PCIM
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DC/DC Conversion

» HC-DCM-SRC

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

m Operating Principle:  Resonant Frequency = Switching Frequency

2
=
|I*
|
Z .
2 \
Il
I+
=
1
=

OUTPUT VOLTAGE/INPUT VOLTAGE

T T T T T T T T
04 06 0.8 1.0 12 1.4 1.8 1.8 20

FREQUENCY/RESONANT FREQUENCY ( ] ) ( 1 ) ( 1 ) ( 1 )

[v] : , , . [A]
: : Uss o
m The Input/Output Voltage Ratio is Close to Unity e IT"L;L L...-j:;_-—-
Independent of Power Transfer (Steigerwald, 1988) 000 f-- |-+ TR TN ) (OPPTS By L H 200
2000 [Pl oo ...... ........... ii"rjﬂ" 0
lOOO N R TR E ........... 5 ............. é.. R ‘e _200
ZCS of ALl Devices » . ; - ; : o
0 0.2 0.4 0.6 0.8 1.0
Time [ms] Img.: D. Dujic, 2012
PCIM
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» Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC)

m Equivalent Circuit for Transient Analysis — Esser (1991)

. 2(ViieT— 1 Vidiode)

Lo, 4 e
°J JG R C L * j].V.an/n | L H — | Lr_eq Rr.eq

S

| + 1
U - '} v, W =
MV _ — LV T as f—
N, : N, RI|;| 2(n Veioer — Vidiode) nhy == [] 1n* Ricad
. JG T % °
[+ ° 2 2

||+
I+

T T
chq =—L R, =—R
4
125 /iLV,avg(t) /2
1001 ——f] "
— 75 "‘I‘Lv(t)l
<
— 50
25
t
0 >
t0 t0+1ms t0 + 2ms t0 + 3ms

m Output Voltage is V,, = V,,°n for Any Output Power — “DC Transformer”

ETH:iirich PCIM



Power Electronic Systems
FEE Laboratory Y 79/233

» Z(CS Losses in IGBTs - Stored Charge Effects

m Bipolar Device: Free Charges in Drift Region to / ZCS
Modulate Conductivity

1000 Vll/ | 120
\
Gate = 500 \( — v 60 ©
Emitter - \/1', v s
f \ g‘ 0 \ 0 E
= = 500 » -60 =
g W] L)
-1000 -120
ot region 0 50 100 T
e t [s]
P+
6 Collector dQ (t) — Q (t) k: .9 t
— + s ls
dt T
Further Reading a0 . . . . - . 150
G. Ortiz, H. Uemura, D. Bortis, J. W. Kolar, and 0.
Apeldoorn, “Modeling of Soft-Switching Losses of IGBTs in T. = 125°C
High-Power High-Efficiency Dual-Active-Bridge DC/DC / ]
Converters,” IFEF Trans. Electron Devices, vol. 60, no. 2, 't___,\' 60 L O O | 100 2
pp. 587-597, Feb. 2013. = =]
[}
& >
(49] —
< 30t - \ | 150 >
X T; = 25°C
Calculated and Measured Stored » !
Charge in 1700V/150A IGBT4. 0 ' L ' L - - 0
0 10 20 30 40 50 60

time [ps]

ETH:irich PCIM
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» Residual Current Switching - ZVS
m Magnetizing Current Helps Removing 000 "
; . 1000 —— 1
Stored Charge From Turning-Off Switch S, . ) P
= 500 [ - , 60 ©
. o e Viy 3
 Reduction of Turn-On Losses g o — 1~ qo 2
* Increased Turn-Off Losses 2 500 60 =
a000f | e -120
1 |
m There Is an Optimum! 0 50 100 T,
t [us]
20 'o
1500 Tj=25°C
— = '.E‘ 15
= I | —
= - 1000 : (V;‘ 2 = ol
500 s g 2 L Es1 ot + Ess o Esy off
> 2cs )| (™ g - ' /o
= 0t— TR e
~§ -1 0 1 o ‘. Sls.on
IL 1500
= = 20 T
z 10005 50-::‘- ~— Estoft * Esyon T= 125°¢ .
500\~ 308 =15 e — —
= . s :3’“ 5 ,E: 0 e el — ,x-\f——,_%..,-—,_,
1.0 .1 -1.0.1 10 1 2 \ NEsi ot
time[ps] time[us] time [ps] s 5l ,(\x\ |
increasing magnetizing 0

ETH:urich

peak magnetizing current [A]

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

m Efficiency / Power Density Optimization — Pareto Front
* Operating Frequency Used as Free Parameter
* ZCS Losses Included in the Model

100

50 ==
pure sJ)ft-swﬂchmg 2Cs
pareto front = 40 o y'@b\ T;=125°C
/ 1 E 30 - o
5 74 o
g £ 20 o O
. a =
—_ 99 ® 0 /| QQ
g, e
) 1 06— 10 20 30 40 50 60
s time [ps]
o8| i} a ZCS Loss Modeling and Verification
| Specs:
80kw
Further Reading
- A ﬁ
97 62 3; 8“' Lo 49' 5 651 6 Sll 9 2.2 kV 800V J. Huber, G. Ortiz, F. Krismer, N. Widmer, and
) ’ ower dens'it [W/in’] : : J. W. Kolar, “n-p pareto optimization of

P y bidirectional half-cycle DC/DC converter with
f (kHz) I T T T T Sl uings wancs wia.” b dc. dniiss
s 1 5 10 15 Power Electronics Conf. (APEC), 2013, vol. 1.

m HC-DCM-SRC Is Capable of Reaching Efficiencies of 99%+
m The Optimum Frequency at which a 99% Efficiency is Reached is about 7kHz for the HC-DCM-SRC

ETH:irich PCIM
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» 166kW / 20kHz HC-DCM-SRC DC-DC Converter Cell

m Medium Voltage Side 2 kV
m Low Voltage Side 400V

!

MV

Dl ICMV

Voltage [V]
o

v Operation at 80kW
| |

L‘U("J,\'

1000

500

0
-500

-1000

0 10 20 30 40 50 60 70 80 90 100 110

ETH:urich

Time [ps]

Current [A]

82/233

PCIM
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Challenge #4/10
Reliability

Basics of Reliability Modeling

Cell-Level Redundancy
“Reliability Bottlenecks”

ETHzurich
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» Example System: ETH MEGAlink Distribution SST

multilevel output

m Modular System » MANY Components! 10 kV _‘,w'f '%mltage
RST ‘*u% - f
*Tﬁ/& converter cell
SN | | sn—
1k A BlE k| | k[ EIE RS | [ kBl 3
T B BRI T g
TREGEER] (REQHEG] Q[ @EE G
TR FGEIE ] GBI KB G
E*@Eﬁﬁ'"’ﬁﬂ% R Rl
/
NMV
MV phase stack
m Can Such a System Still Be Reliable? x
500 kVA LV converters

ETHziirich PCIM
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» Modeling Reliability: The Failure Rate

Random Failures
= const.

K "Useful Life"

Failure Rate [FIT]

85/233

< «Bathtub Curve»

Time

m In General, the Failure Rate A(t) is a Function of Time )
FIT

1700 VvV

IGBT

m Here, Only Useful Life is Considered 1000

25°C

* Dominated by Random Failure Distribution

1000 m

e Constant Failure Rate A

* [A]=1FIT (1 Fail. in 10° h) - Typ. Value for an IGBT Mod.: 100 FIT »

100

m Example Sources for Empirical Component Failure Rate Data

— 25°C
— Om

A
R P

* MIL-HDBK-217F, “Reliability Prediction of Electronic Equipment,” 1995.  1°-
 IEC Standard 62380:2004(E), “Reliability Data Handbook,” IEC, 2004.

!

125°C |

Om E—

— T
1000

T
1050

T
1100

1150 Ya_

* Stds. Define Base Failure Rates for Comp. and Factors to Account for Stress Levels (e.g., Temperature)

ETH:urich

PCIM
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» Modeling Reliability: The Reliability Function
m Expresses Probability of System Being Operational After t Hours

m General Definition: R(t) =e" Jo A0x)dx

m During Useful Life A(t) = const. = A: -
o
ks
[ o
=
Z
)
=
2
Time
oo 0.0} 1
m Then: Mean Time Between Failures: MTBF = / R(t)dt = / e Mdt = 3
0 0
Caution: MTBF is Not the Time Before Which No Failure Occurs — It's All Statistics!
A Availabilit A MT1BF
m Average Availability: =
g ’ MTBF + MTTR

ETHziirich PCIM
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» Modeling Reliability: Basic Multi-Element Considerations

m Series Structure

(e.g. Components of a Single Converter Cell) 1.0

Ncomp.

\
0.8}
E HE ... 1E | » )\5:;)\,- AO,G-\\\\\
N \ AN =1

(General Assumption: Independent 0.4¢ \ \\ ~<
N

Elements with Equal Failure Rate.)

=2
0.2 V=5
\
m k-out-of-n Redundancy 0 : —
(e.g., Redundancy of Cells in a Phase Stack) time
 System is Operational as Long E, 1.0
as At Least k out of n Sub-
systems (Cells) Are Operational E, 0.8}
: 0.6}
E N
. o
A. Birolini, Quality and Reliability k-out-of-n 0.4t
of Technical Systems, 2nd ed.
Berlin and Heidelberg: Springer, 0.2}
1997. :
Effect of g Additional Redundant Cells » 0 ——

time

ETH:irich PCIM
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» The “Power of Redundancy” (1)

1.0 5

0.8¢

0.6

Rs(t)

0.4F

N=10,q

Il
o

0.2

0

time

m Remember: I\/ITBF:/ R(t)dt
0

 Area Below Reliability Function!

m Redundancy Can Significantly Improve System
Level Reliability
» 10 Elements + 2 Redundant: Reliability
Higher than for 5 Elements!

ETH:urich

1.0

0.8

0.6

Rs(t)

0.4

0.2

1.0
0.8\

0.6

Rs(t)

0.4 N —

0.2

88/233

N=10,q=2

time

'%;5,7:0

time

PCIM

EUROPE
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» The “Power of Redundancy” (2)
m Value of Reliability Function at t = 25 years

* N Elements
* g Additional Redundant Elements

1.0 ‘ —
g=2 \\$: =3
. \ qg=2
> \ T
uN106 1
I & q
= 0.4 PAS
S qg=0_
: : 0.2 ~ '
N Elements . . ~—_
0
0 40 60 80 100
N

m Redundancy Can Significantly Improve
System Level Reliability

» E.g., for N = 40: from 40% to >90% with 2 Additional Redundant Cells

ETHziirich PCIV
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» Example System: Redundant Cells

m Modular System
» Simple Redundancy of Cells!

MV Phase Stack

Four
Required Cells

Example:
4-out-of-5 Redundancy »

m Basic Assumptions
* Failure Rate of a Cell: A
* Failure Rate of Stack: A /7., (w/o Redundancy)

ETH:irich PCIM
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» Types of k-out-of-n Cells Redundancy Note: Qualitative Results!
m Standby Redundancy 10 ; ; o !
* Spare Cell In Ready State, T g I Y e e
But Not Processing Power = 6 tells +1 Red 1 |
A =0 For Spare Cell S 4l \ s ool |
n—k+1 = ST ;
k)\cell =
0 10 2'0 30 20 50
@) additional power [%]
m Active Redundancy with Load Sharing
 Spare Cell Processing Power o ' | ; |
» Reduced Stress of All Cells Due to Lower T 8k6 /3” ,,,,,,,,,,,,, > exeaill
Temperatures (and DC Voltages) 3 ; : 6 Cells *1 REd, ‘ : 4+2/j
n—k 1 g
MTBFs = . 7
Z (n - l))\ceu?TT,i E‘Z
=0 S
T; ;- Temperature Stress Factor i i i i
' ) 0 10 20 30 40 50

additional power [%]

ETHiirich PCIM
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» Reparability

92/233

Note: Qualitative Results!

m Modularity: Faulty Cell Can Be Replaced On-Site; Possibly Even In a Hot-Swap Operation

* Example: Mean Time To Repair (MTTR) of One Week Assumed

102 ! T ' ! !

MTBFs [100'000 hr]
—_
(@)

100 L

Additionally Installed Power [%]

m Multi-Cell Designs Can Still Be Made Highly Reliable By Adding Redundancy!

* Therefore: Reliability Consid. Does not Limit to Choose the
ne-Optimal Number of Cells

m Preventive Maintenance Can Further Improve System Availability

ETH:urich

L~ Read “6 Cells Required

(Blocking Voltage), Plus 3
Redundant Cells.”

Further Reading

J. E. Huber and J. W.
Kolar, “Optimum Number
of Cascaded Cells for
High-Power Medium-
Voltage Multilevel
Converters,” in Proc.
Energy Conversion Congr.
and Expo (ECCE USA),
Denver, CO, USA, Sep.
2013.

PCIM

EUROPE
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» Reliability “Bottlenecks” (1)

m Reliability Improvement by Means of
Cell-Level Redundancy

» Very Effective

* But Limited by Other Parts of the
Converter System
- Control
- Auxiliary Supplies
- Communication
- Bypass Devices

Converter Reliability

Control Hardware
Becomes Limiting Factor!

Converter Reliability

R. Grinberg, G. Riedel, A. Korn, and P. Steimer, “On reliability of
medium voltage multilevel converters,” in Proc. Energy Conversion
Congr. and Expo. (ECCE USA), 2013, pp. 4047-4052.

ETH:urich

93/233

No Redundancy

o
™

o
[2)
T

o
S
T

0.2

Control hardware
part only

Full converter

8

10 12 14 16 18 20
tin years

3 Redundant Cells

Control hardware
d
part only 8
— |
\
—
\—_
02k Full converter |
Nr=3 ~_
0 I 1 I I
0 2 4 6 8 10 12 14 16 18 20

tin years

PCIM
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» Reliability “Bottlenecks” (2)

m Non-Ideal Cell Bypassing Device Limits Useful Number of Redundant Cells

1.2
R(20y)
1
0.8
0.6 =200 FIT
. =500 FIT
04 7
Cde Redundancy
—l AAA ~J .
| 0z Effectiveness
Bypass - O
- element Saturation”
| .
U T T T 1
0 5 10 15 NF
Ana[ys]'s for MMLC Converter R. Grinberg, G. Riedel, A. Korn, and P. Steimer, “On reliability of
medium voltage multilevel converters,” in Proc. Energy Conversion
Congr. and Expo. (ECCE USA), 2013, pp. 4047-4052.
ETHziirich PCIM

EUROPE



S1C I Power Electronic Systems
I = Laboratory

Challenge #5/10
MF Transformer Design

ETHzurich

Transformer Types
Litz Wire Issues
Flux Balancing
Noise Emissions
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» General Challenge of MF Transformers

Iso
. . \/5 N P Sec. / Core N
m Higher Operating Frequency Aco dAwg. = t |
m Lower Unit Power Rating Corg"Wde =~ by Jeens Broias F
m Same Isolation Voltage (!) m Smaller Active Volume

-«

Cores ‘E” ‘ C\

v

Sec. Iso. Prim.

MV Winding Cooling Through Isolators

m Solid Isolators — Bad Thermal Conductors
m Isolation vs. Cooling Trade-Off

m 0Oil = Coolant And Isolator (!)

LFT
ETHzurich s

PCIM
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» MF Transformer Design — Transformer Types

m Main Transformer Types as Found in Literature

Iso.

Sec. sec- Prim.
Iso. Prim. |~ Iso.
Prim. \l\ |// Sec. Core
Il ———
N (Uf'¢ N 11X |

Core Core
Iso. Prim. Sec. Iso. Prim. Sec. é}/l"rnn/
Coaxial Cable Shell-Type Core-Type

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

ETHziirich PCIM
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» MF Transformer Design — Transformer Types

m Main Transformer Types as Found in Literature

1000

= 100}

ol

)

3

2 1o}
1

S1C I Power Electronic Systems

Coaxial Shell-Type Core-Type

98/233
1000
=
100 2~
>
Q
=
=
10 o
L
53
1

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

ETHzurich

PCIM
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» MF Transformer Design — Winding Arrangements
m Coaxial Cable Winding

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

High Potential
Connection

* Low Flexibility on Turns Ratio (1:1)
* Complex Terminations

Conductor 2

Low Potential Cable boxes
Connection

Bobbin

uctor
r : ’ = o
9 / e . Standard MV cable

m Heinemann (ABB, 2002)

ETH ziirich PCIM
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» MF Transformer Design — Winding Arrangements

m Coaxial Windings

Tunable Leakage Inductance
More Complex Isolation

Total Flexibility on Turns Ratio
Simple Terminations

- Hoffmann (2011)

- Steiner (2007)

ETH:iirich PCIM
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» ETH MEGACube: Water-Cooled Nanocrystalline Transformer

m Power Rating 166kW
m Losses 0.88kw
m Efficiency 99.5%
m Power Density 45kW/dm?3

m 166 kW Water-Cooled
Nanocrystalline Core Transformer

PCIM

EUROPE

ETHzurich



D Doboratony e ystems 102/233

» ETH MEGACube: MF Transformer Design — Cold Plates/Water Cooling

m Nanocrystalline 166kW/20kHz Transformer (ETH, Ortiz 2013)

A 102.94

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

ETHziirich PCIM

EUROPE
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» ETH MEGACube: MF Transformer Design — Cold Plates/Water Cooling

m Nanocrystalline 166kW/20kHz Transformer (ETH, Ortiz 2013)

Windings Inner Cooling Plates Outer Cooling Plates
AP = 353 W AP =537 W AP=19 W

Core losses
Copper losses

(1)

Cooling system

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

. 4.@ -.es'd..
- E

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

ETH:irich PCIM

EUROPE
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» ETH MEGACube: MF Transformer Design — Litz Wire Issues

: (1)
g 3" W\ -20%
m Case Study: Litz Wire Losses

with 10 Sub Bundles and 9500 x 71um Strands in Total

Current [A]

m Unequal Current Sharing Between Sub Bundles
* Flawed Interchanging Strategy
* Influence of Terminations

Current [A]

Current [A]
S b o w o s b e L e woe h o W o>

I I
0 25 50 75 100 125 150 175 200
Time [us]

1 o 1
Jo @ o 3
40 @/ o 4
50 @ o 5
6 o é:"@/ o6
7 7

s 8 S 8
ETH:irich PCIM

EUROPE

m Common-Mode Chokes for
Forcing Equal Current Sharing




Power Electronic Systems
FEE Laboratory Y 105/233

» MF Transformer Design — Litz Wire Issues
m Flawed Bundle Interchanging Strategy — Two Other Examples from Different Manufacturer

e 700 x 0.2mm, 1000 x 0.2mm

20 18%
e 7 Bundles = 8
e 1 Straight in the Center g -30 o &
2 =
’;_’: ‘80 [F)
a E
@ 14% £
. < -130 o
m Effectis Frequency Dependent £ =
m Significant for f > A Few kHz -180 12%

0 10 20 30 40 50
Frequency [kHz]

m 1 Bundle Consists of 10 Smaller Sub Bundles — Same Problem!

120

Phase Difference = 100 SB1 SB2 SB3 ...
S 80
@
~ t!q:‘j 60
% = 40 I
2 20 I
(&) ©
. = 0 III lll 1 [ III p— 4 | | i
) 50 100 150 200 -20
Time [us] m10 kHz =20 kHz m50 kHz

ETH:irich PCIM
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» Flux Balancing - DC Magnetization

m Higher Losses
m Overcurrents
m Audible Noise

- Diff. Turn-on/Turn-off Times

- Diff. Switch On-Characteristics

ETH:urich

106/233

PCIM
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» ETH Flux Density Transducer — The Magnetic Ear

m Shared Magnetic Path between
Main and Auxiliary Core External Core

Shared Magentic

Main Core
path >

m Change in Inductance on the Auxiliary
Core is Related to the Magnetization State

Magnetic Flux
Density [mT]
o

Auxiliary 200

core + winding 300
LW, -400 L '
30 T T T T T T T

AAALLL

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

Magnetic Field [A/m]

n
o

Main core

Inductance [uH]

ETH:zirich PCIM
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» MF Transformer Design — Acoustic Noise Emissions
m Magnetostriction of Core Materials (Zhao, 2011)

* Nanocrystalline -~ Oppm
* Amorphous ~ 27ppm

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

Speedy Spectrum Analyze

- Acoustic NO'iSE Emitted at Z'fs (!) W'mdo:\n_t: Hamming FFT Size: 1500 (fixed) 1 9021 HZ

Freq: 21109 dB: -29

(w/o DC Magnetization)

10.4kHz
2.3kHz 5.7kHz

i AN o A | fL 1”
[ iy |

il |

Audio Spectrum of miniLINK »
DC/DC Running at 9.5kHz

ETH:urich

PCIM
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Coffee

Break

ETH:urich



Power Electronic Systems

|-I E 5 Laboratory

Challenge #6/10
Isolation Coordination

Isolation Barrier Positioning
Mixed-Frequency Stress

ETHzurich
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» Example System: ETH MEGAlink Distribution SST

g ded Cells Are On Floating Potential multilevel output
B Lascaded Lells Are un rloating rotentia o iyﬂ/%oltage
Isolation Required RST
-° gl’%ve\]/gl%g G?gll:ll:’lrg ii*/# w converter cell
* Towards Adjacent Cells — — I / _
T lE | | s FaBlE ] | [ Bl
(R EIE ] k[ R3EE I*@Eﬁ?ﬁ@
R EIE RG] Bl IK%‘EK%?EK%
Bl ] [ aElEd] 1 E Bl
Eﬂs%ﬁs?m EK%H—E{@%'I'EK% Eﬁ?—Eﬁ%ém
Ny
MV phase stack
_JI= DCACE /gg
L |pc — - {
m Isolation Voltage: 10kV (nom.) T —-o—x
500 kVA LV converters

ETHziirich PCIM
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» Options for Positioning of the Isolation Barrier

I
i b || | || e || | ||

snilan | |Frilss | | | G

rlllen | |Fllie | | | Felee

\__ _J

a Feasible Variant

“‘}J

m Transformer Isolation is Critical
m Low Thermal Conductivity of Insulation Material

ETH MEGALink Converter Cell »

ETHz(irich PCIM
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» Isolation of Cascaded Cells’ MV Part

m Components on MV Potential (e.g., Heat Sink)
m Isolation Towards Cabinet Required
m Field Grading to Avoid Partial Discharges, etc.

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

Insulation housing

(Semi-)conducting coat

#field design

Slots
ﬁfgeggz’go? Metallization
creepage distance #field design
#EMC shielding
Bulge
#field design .
..... Glass bubble filled PU
.......... Zincrease of
; P N R RRARRRRS R dielectric thickness
Discharge barrier stabilization
(Polyethylen) A WE RN XN
#avoidance of discharges : "\ Metallization
along insulation surface Indentation etallizatio

#field design #field design

Source: Steiner, 2007

ETH:urich

113/233

PCIM
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Mixed-Frequency Stress
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» Mixed Frequency Field Stress

“New” Kind of Electrical Field Stress TP T P T | op et
m Large DC or Low-Frequency Component [ i = a
m Smaller Medium-Frequency Component LT LT
1I”irle Vout
‘ l® [ Toc /T
m Known From Machine Isolation Systems [ ocl—L|/pcl T4 L
m Physical Breakdown Mechanisms Still Unclear AT D /T L
- DC DC
50 Hz [kV/mm] MF [kV/mm]
10 | 0.53
40
3LL cells
5
g 20 0.40
2 0
g — 0.30
= E o
_5 =
0.20
—10 -20
0.10
—40
3 . 0.00
m Highest Stress for Top Cell in Phase Stack B

m Highest Stress in Transformer Isolation

ETH:iirich PCIM
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» Mixed Frequency Field Stress: Dielectric Losses

m Dielectric Losses: P o< f - E?

I
50 Hz [kW/m’] MF [kW/m?] ()
10kV, 50Hz 0.88 19.7 1.1kV, 8kHz
40 0.75
15.0
—_ 0.50
E 10.0
E 20
>
0.25 5.0
0 0.00 0.0
-13 0 13 -13 0 13
x [mm] x [mm]

65kW/10kHz Transformer v
m Overall Losses Negligible for Efficiency (e.g., 2W)
\

m But: » Local Thermal Runaway Possible
» Accelerated Aging?

P(R) o £ E(X)

ETHzurich PCIM

EUROPE
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» Frequency-Dependent Isolation Concept (1)

50 Hz [kW/m?] MF [kW/m?]
m 50Hz Stress Common-Mode p N N
m MF Stress Differential-Mode (Mostly) Nme DLES
= ‘ 0.50 :) 10.0
E 20
- i 0.25 % o
0 J 0.00 ] 0.0
. . . -13 0 13 —-13 0 13
m Conductive Field Grading Tape Can Reduce CM Stress x [mm] x [mim]

e But Would Increase DM Stress

ﬂnagnetic C-corﬁ/ \

Insulation S
e . . Tape =1 (@)
m Solution: “Semiconducting Tape MV winding ——| _ o)
LV winding H—_| B S
* Frequency-Dependent Conductivity @) Ol
— 9 0 9
no tape L—T1 D
06 " 3 O L o
- ; / ™| @ @
T 04 g 218 @) 0 O
§ 0.2 // gg g;
0.03 5 .
“conducting” tape “dielectric” tape \ /\ /
10° 10? 10* 10° -
Frequency [Hz] =
ETHzurich PCIM
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» Frequency-Dependent Isolation Concept (2)
CM MV [V/m] DM MV [V/m]
434 219
m 10% Reduction of 50Hz (CM) Field Stress 40
m No Degradation of MF (DM) Field Stress
300 150
E 20 200 100
Further Reading -
T. Guillod, J. E. Huber, G. Ortiz, A. De, C. M. Franck, and J. 100 50
W. Kolar, “Characterization of the Voltage and Electric Field
Stresses in Multi-Cell Solid-State Transformers,” in Proc. 0 || 0 0
£ C ion C . and B ECCE), 2014.
nerqy Conversion Congr. and Expo (ECCE) 13 0 13 13 0 13
s \ X [mr;l] Y N x [mm] y
add tape
I < + add tape
/7 N /7 N
CM MV / 50 Hz [V/m] I CM MV / 8 kHz [V/m] DM MV / 50 Hz [V/m] DM MV / 8 kHz [V/m]
382(.)
40
300
150
= 200
E 20 100
)
100 50
0 0 0
—13 0 13 —13 0 13
x [mm] x [mm]
ETHziirich PCIM
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Challenge #7/10
EMI

Common-Mode Ground Currents
EMI Limits

ETHzurich
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» Basic Problem Description

o <« Output Voltage
m Considering One Phase Stack Including the DC/DC Converters g

m Parasitic Capacitances Between Cells Y r
and Ground i L M”H
AT
. /F ‘. T
1 ns
A T[5BlE 4?-3?
P g
1

L\l

All Cells At Higher Stack Positions
In Potential

m Switching Action in One Cell Moves ,‘

Y
N/
S out,1

m Charging Currents: 7 = C dv/dt
common-mode current

ETHziirich PCIV
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» Origin of Parasitic Capacitances to Ground

m Heatsink to Housing (C,c)

m Transformer ((;)
* Medium-Frequency: Small Volume
e MV Winding Moves with Cell Midpoint
* Cores and LV Winding are Grounded

m G ~ 650pF >> (s (Simulation) _lﬂj

N’
isolation

MV

0 1 2 3 4 S5 6 7

in“',maing' T '[j'n]:

e Nisolation __grounded shielding electrode] 4 2D FEM Simulation of Electric Field Distribution

L ————eaa—— — ] . . . .
0 05 1 15 2 25 3 35 in MF Transformer Winding Window

|E| [kV/mm)]

(=]
le

ETH:zirich PCIM
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» Simulation of Common-Mode Currents

V..,
!
'; 10 _:“_n " ||||l|||||l||u_|1T |u_n T ( ° ) ‘
'f'_ Ol.“lr Lm“ Mg = = 0 th ||‘|‘ ‘ H‘M M I}‘ @
:‘? = 10 L L L 1 1 -I;“““Imn"w'“ . I"TT -h- 40
'; 10 I i u'L‘:I'I"“TmuL'I'lll 1 I I I I I I — 40
~ ' T " <
'—z'_ O“r]”fuhm' - W"W'r'r""r”(l'd"'“"”" \n"wrJHMHM'#'“"\""'”"'h""'l"'|"'||'P|"|'|'|'V'|‘|"|"
E-]O . . . . . I'”.lI‘ITITI.I.I.lI.II'ITI'l w'd '“:40 | |
— 10 o T T Tt 40f
2 =
I | T -0
a E |
S a0l
= 1w 40f
2 ="
= 0 -0
< i
=10 ~40|
= 10 ?40:
—_
— 0F = o o
: = £
i S0l oo T
N 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 1820
: time [ms] time [ms]
Common-Mode a —i—r\ . o
Eq. Circuit m Full System Simulation (incl. DC/DC, etc.)
m Cell Switching Freq. 1kHz, dv/dt = 15kV/us, C,, = 650pF
ETHziirich PCIM
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» Reality: Parasitic Inductances Create Resonances!

e
N
50 1540
S 0 | {270 <
- “ ' &
5 _50 o ~ o 0 [¢')
£ _— SRR I
='-100 T ~270 %%
E / |
-150 -540
102 104 10° 10% 10"

frequency [Hz]
a Transfer Function G(s) = I g 5(s)/V; 5(5)

—=

ETH:irich PCIM

EUROPE
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» Mitigation: “Global” Common-Mode Choke

m Single Common-Mode Choke Between the Input Terminals of the Phase Stack

m Charging Currents Can Still Flow Through Other Cells’ Parasitic Capacitances

50 ; ! 540

2 ) N 270 ©
jF] M 33)
—g I "Q‘.. 0 (¢
: s
& 270 %
:
; i ~540
102 10% 10° 10% 10"

frequency [Hz]

a Transfer Function G(s) = I 5 5(5)/V; 5(s) for
Leme = 10mH, R c = 10kQ

L M|eme 6

ETH:zirich PCIM
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» Mitigation: “Local” Common-Mode Chokes

<« Equivalent Circuit | %

Actual Realization »

m Common-Mode Chokes at the Input Terminals of Every Cell L_L
& | Loner e 14 | B EE 45
L Lmig@gm ]
Lgi [ I e
isd

Bl

50 5 3 5 540

= 0 ' -

= =50 o

= ] o

3 02

< -100 -270 &
-150 —540

10? 10* 10° 10% 10"
frequency [Hz]

a Transfer Function G(s) = I 5 5(s)/V3 5(s) for
L =6.2mH, R = 1.5kQ

cme, L 4 Weme,G

ETH:irich PCIM

EUROPE
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» Local Common-Mode Choke Design

m Design Procedure
2" order approximation

L. and R, Chosen To Achive Critical Damping
5
4
~ 5 Ceq de 4 nr3 2 _—1/4 a
lem = \/fs-gkcmc,lf [EN +§N]&Lcmc,L = 3
24/Leme, L Ceq VdceihfmS e 3/8 % 2
Vbox = 4sh - > Ll |, &
Bhkw Jrms 7t s, sp (1=51) cme, 1
0
m Verification
40
g 0
5
-40
407
= 0
£t
—401

0 2 4 6 8 10 12 14 16 1820
time [ms]

ETHzurich

126/233
05 _
: 104 2
lexample de5|gn_"‘,. >
J - 0.3
\)3‘ -~ 0.2
0.1
0
10 20 30 40 50
Lcmc,L [ITIH]
800 mA
S o
L2 °
s =
3 =}
ER:
ac 2. 8 |
Qmj cm,2 Qmj cm,4 km
PCIM

EUROPE
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» Evaluation of “Local” Common-Mode Choke Concept

m Possible Realizations of 6.2mH/57A,,,. CMC

,_|10 .\Zxﬂturnsona |
= ® 45x30x15mm i
= (da x djx h)core |
u | | |
. I T .
L b i i i
o | |
0 L® e, e &
0 0.5 1.0 1.5 2.0
box volume [dm?]

m Overall Loss Contribution in 1IMVA SST is negligible (< 150W)

Further Issues (!)

Further Reading
J. E. Huber and J. W. Kolar, “Common-
m What Are the Limits For Such Common-Mode Ground Currents? gode;urfentsin “;ulti-cjigfsoﬁd-ﬁate
. . ransformers,” in Proc. 2014,
m Impact of LV SiC’s Higher dv/dt ? Hiroshima, Japan, May 2014.
ETHziirich PCIM
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» Grid Harmonics and EMI Standards

m Medium Voltage Grid Considered Standards

« IEEE 519/1547
- BDEW
- CISPR

m Requirements on Switching Frequency and EMI Filtering

128/233

o THD, IEEE 519, BDEW, etc. —? 2 2 2 7] CISPR11, etc. et 200
2 L | | ! L |
100 g ° " * ™ I.I'=..-
:310"
@ E
8107 = :
% . IEEE 519/1547 ;-::-_:::_.. b b e e 1 E
210° |era+3 BDEW =TT R 5b
2 LF3 BDEW, extrapolated I ——— P 1
E107Eb+D  CISPR11 Aty S, =50 KVA, ITgrid |25 i m o BRI - ‘~a\\\56
< Fle+c CISPR 11 Al S, = 50 kVA AR T e £2===35
107 la+d CISPR 11 Aty S,= 10 kVA =<3
10767\ I I Lo I I [ | I I [ T R A | L Ll i}
10? 10° 10* 10° 10° 107
Frequency [Hz]
ETHz(irich PCIM

EUROPE



S1C I Power Electronic Systems
I = Laboratory

Challenge #8/10
Protection

Protection of the SST
Protection of the Grid
Grid Codes

ETHzurich
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» Possible Fault Situations
50 kV 10 kv & @ @
:::::o—@— a ——a e .
= i@ @ Internal Fault
i g 10 kY_ = @ Lightning Surge
MV Grid a A Lg \ VD @ Switching Transient
= 0) 5 (@) MV Short Circuit
LV Grid v 5 (5) LV Short Circuit
N é N PR Non-Ideal Load
400V]  Z|400V] 400 V )
N O A A A Jr%rlvlvi@iriru##
©ix =
m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed / Safety / Reliability
 Selectivity: Only Closest Upstream Breaker/Fuse Should Trip to Isolate Faults Quickly
- Different Trip Current Levels
- Different Time Delays
ETHzurich PCIM

EUROPE
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» Overvoltages

m Classification of Overvoltage Situations in MV Grids

Very fast front  Fast front Slow front

Arcing transient  Lightning surge  Switching transient

t,=3-100 ns t,=0.1-20 ps t.=20-1000 ps
(|) t;=1-3ms tr=100-300 us  #=1-20 ms

/ / /

E)
% Temporary Permanent
?3“ Earth fault Load condition
s 19 \ \
1.2
1.0

10 ps 100 ps 1 ms 10ms 100 ms ls

m Fast Protection of Sensitive Power Electronics is Highly Challenging!

ETH:irich PCIM

EUROPE
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ETH:urich

A

m Overcurrent Protection: F
m Overvoltage Protection: S

» Typical LFT Protection Scheme

uses
urge Arresters
MV Side
L1 L1
— — Y5 —
L2 — — W g p o W) —} L2
L3 — o L — L3
Disconnector Fuse PEN
HH Breaker Fuse HHH Disconnector
Surge Arrester Arrester

< Surge Arresters
LV and MV Fuses »

-

~

Imgs.: http://www.openelectrical.org/

132/233

PCIM
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» SST Protection Schemes

133/233

m Analysis of Fault Cases and Protection Schemes Missing / Upcoming in ETH Publication

m Proposed SST Protection Scheme with Minimum Number of Protection Devices

MYV Protection /

Overcurrent

SST

Overcurrent

LV Protection

Hunlh

7

N S

1 o il P
— ——=F"% AC
-/ DCE
I:%/ =% ﬁ—m—- AC
-/ DCE
LS_/ "% E—m—- AC
N , K N .
Disconn. Breaker Pre-Charge DCH
Fuse Res.
Overvoltage — a uRo :
i F ()

Surge Arrester

Upcoming Analysis:

T. Guillod, F. Krismer, R. Farber, Ch. M.

Franck, and J. W. Kolar, “Protection

of MV/LV

Solid-State Transformer in the Distribution

Grid,” To Be Published, 2015.

ETH:urich

MV Earthing

PEN

-
N—"

LV Earthing

A

Breaker Disconn.
Fuse

—— \Overvoltage

Surge Arrester

PCIM

EUROPE
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Protection of the Grid

ETH:urich
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S1C I Power Electronic Systems
Laboratory

» Short-Circuit Protection in Distribution Grids

m LFTs Easily Deliver X-Times Rated Current for Tripping Fuses or Breakers

verzogert
\ 1%t = konstant
“\_L-1*t = konstant

1 stromabhangig

—~

= stromunab-
héngig verzdgert

L 4 A

I2t= konstant

-
unverzégert

Niederspannungs-

NH-Sicherung leistungsschalter
mit Auslésern

.&

- ‘w‘i I
== o I -
= t Veranderbare Kennlinien-

bzw. Einstellbereiche

PCIM

EUROPE

ETHzurich
Imgs.: http://www.openelectrical.org/
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Laboratory

» Tripping of LV Side Fuses

136/233

m 400V Fuse for A O T rrr— SRR T
S — Y = noos1s300
630kVA Transformer 2, o "' B A WA A WA AW VEWAY
o | Hours (!) @ 1.5 x I, TR
E w WU VR WL - ‘\.
|: “\ “\ ‘\ ‘I\ ‘\ \‘\ “\ A
) LY \ AY AVEL WA
3 \ 1\ \ AWAN
\ ANRVAN
5 102 L v \ = \ \
5E B R T e e R S T,
°a Tl B R S R B 8% .
i N AN
\ \ ‘\ \ \ \ \‘\ NN
\ \ ANWAN
\ ANEAN \
10° \ Y Y \
B \ i e v e
r0.2s @ 10 XIN NN VY ATy
N'I—gTI'(—gG) \ (WAWANAY ANAY
10" \ .\ \. \.\ X
% A ‘\\ \\ ‘\\ “\\ Y \\ IS\ Y ‘\\
NH- ||| NH- ||| NH- . ANIA \ \ \\
gG TG TgG = SEe= —
H : : ~ R = ‘\\ \‘\ . ‘\\ ~,
10’ 2 3 4 56 8 10° 2 3 4 56 8 10° 2 3 4 56 8 10° A 2 3 4 56 810°

m Very High Short-Circuit Currents Required To Trip Fuses
m Not Possible With Power Electronic Converter (Semiconductors!)

ETH:urich

Current [A] »

PCIM

EUROPE
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S1C I Power Electronic Systems
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» Alternative Protection Schemes

m SST Can Limit Its Short-Circuit Current
m Load Switches (!= Breakers) Could Be Used To Isolate Faults

MS1
i
1m
A
SST PV
ER F{
.......... —— Load Switches —

[] NH-gTr(-gG)

B B

Load

m Integration of SST in Existing LV Distribution System Remains Challenging
m Communication Between (Protection) Devices Becomes Essential

m SST Requires a “Smart Grid”

PCIM

EUROPE
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Grid Codes

ETH:urich
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» Purpose of Grid Codes

m General Goal: Ensure Stable Operation of the Utility Grid
Grid and High Quality of Supply Interface
Plant gechm.cal. [
PV/Wind PP, - Orgamzationa
Microgrid,
Loads

Liberalization of Electricity Markets

* Many Agents: Grid Operators, Infrastructure Owners,
Energy Producers, Consumers, etc.

* Interactions Involve Many Aspects:
- Technical
- Organizational (Economical, Legal, etc.)

Distribution Level Grid Codes...

* ... Define Minimum Requirements for the Connection To and Operation In the Distribution Grid
* ... Requlate Technical Interfaces Between Agents

ETH:iirich PCIM
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Laboratory

» Distribution Grid Codes

m Focus on Technical Requirements for Equipment Connected to MV or LV Grid

Categorization: Voltage Level Categorization: Type of Plant
,"?\.
* High Voltage 36...150kV  Transmission  Consumer (Load) oM
* Medium Voltage 1... 36kV o * Producer (e.g., Distributed Generator)
* Low Voltage 0.4... 1kv D]\S‘t”b“t‘on
N
m Technical Parts of Grid Codes Medium Voltage Low Voltage
May Refer to Other Standards or
Documents Bp
5 goen P W IEEE 1547 Wezg
© (IEEE 519)
(]
G5
(&)
EN 50160
z
E TEEE 519
2 B wAB WY

m Country/Region-Specific!

ETHz(irich PCIM
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» Examples of Technical Requirements for MV Generating Plants

EMI

m IEEE 519/1547, BDEW, CISPR, etc.
m Flicker

m Max. Voltage Rise at PCC < 2%
...

Normal Operation
m Participation in Frequency Regulation

50,2 Hz

etz — e Ap
AP=40% R pro Hz
Ap

m Provision of Reactive Power According
To Grid Operator Requirements

cos ¢ A

R e 1
|

ubererregt

untererreqgt

0,95 ~f ~—- - mm e mmmmmmmmmmam oo

ETH:urich

Dynamic Grid Stabilization
m During a Fault
* No Disconnection (Within Limits)
* Injecting Reactive Current to
Support Grid
 Islanding Needs To Be Negotiated

lauf

unterer Wert des
Grenzlinie 1 Spannungsbandes
U/, Grenzlinie 2 =%0% vo% u
'

100% J
[ .
"""
:

Unterhalb der blauen
Kennlinie bestehen keine
Anforderungen hinsichtlich
des Verbleibens am Netz.

70% . /
H
H
H

45% : i/

30%
15%

T T T
0150 700 1.500 3.000 Zeitin ms

!

Zeitpunkt eines Storungseintritts

Plant Design Aspects
m Switchgear
m Protection Equipment and Relays
m Communication System
m Star Point Handling
m Auxiliary Supplies
m ...
BDEW, Erzeugungsanlagen am Mittelspannungsnetz, 2008.

PCIM

EUROPE
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» What Applies To SSTs?

of EMI Requirements
{ Plant Design
Reactive Power — Even More Flexibility:

m Dynamic Grid Stabilization
m Frequency Regulation

» Storage Required

» SST as Manager of
“Vlirtual Power Plant”

ETH:urich

SST

/S

142/233

Derating Due To

W
Z

Utility Comm.

ssT <P

AC

DC

AC

’ inductive/
) underexcitated
el capacitive /

overexcitated
/" BDEW Reg.

<« see FACTS Section

Voltage Reserve
Limitations

Microgrid

PCIM

EUROPE
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Challenge #9/10
Control & Communication

Smart Grid Integration
Control System Partitioning

ETHzurich
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» How To Realize The Control System?

m Complex System with

144/233

multilevel output

Many Functional Units 104 P """‘-'{ittage
m Multi-Level SPWM with - — e
aiay Lol oa b Side TREGENR] | (RG] | (S aHS
= Smart Grid Integration (\)  Lprermaeren - YATraMEE] | TORGHES
RG] BRI RGeS
RG] SRS BRI
E@Eﬂé/llm fﬁ%%ﬂsz‘um T[RRI 3
A Ny
L
LR\
400 A L comvrters

+
800VDC ——— DpChus

ETH:urich

PCIM
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» SST Smart Grid Integration
m SST as “Manager” of a Micro Grid Section
* Novel Protection Schemes
* Micro Grid Can Act as a “Virtual Power Plant”
Measurements Protection
5, Voltages  Relay Triggering frote ..._%.M AP
— Load
A
Y
y I —~ DG
= SST "+ |
X — Load
MV Utility Grid —+ Stor.
Utility Control Center LV Microgrid (AC and/or DC)
m Communication With Other Participants Essential
» Standards -
« Reliahility — To Be Defined!
ETH:iirich PCIM

EUROPE



D Doboratony e ystems 146/233

» SST Control System Partitioning (1)

m Very Different Timing Requirements External Ctrl.
- Smart Grid Integration
» IGBT Protection: us - Power Flows (P, Q)
 Grid Transients: msto s -
. . . Internal Ctrl.
m Several Hierarchical Layers as Feasible Approach - Current/Voltage Control

- Redundancy Mgmt.

m How To Test?

(Cell) Internal Ctrl.
- Modulation, Protection

SST Power Hardware

<« The miniLINK
Lab-Scale Full SST Demonstrator
15kVA, 400V, <> 800V, <> 400V,

ETHziirich PCIV
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» SST Control System Partitioning (2)

- Volt. - Volt.
- Cur. —l 17 - Cur. LV
Battery Central Control Unit (DSP + FPGA) N
Management - Overall Power Flow. Mgmt. SCADA Interfacg
- Current Ref. Generation Smart Grid Integratiorm
- Aux. Units (Breakers, etc.)
Cascaded MV Inverter T
- Time Sync. Y Y
- Current Ctrl_ & Ref_ Gen_ | LV Inverter (FPGA) | LV Inverter (FPGA)
- Redundancy Mgmt. - Current Ctrl. & Mod.
T - DC Cap. Balancing
- Protection

Q |;*|\ Cell Ctrl. (FPGA)
- Modulation

l; I;l - Protection

[J>- ~[J>~[] -bcsocctrd

\ Real-Time Communication

- Ethernet-Based
- Fiber Optics
- Time Sync. (IEEE 1588)
il I ||III|III........._ Sync' Error < 20ns
0

-20ns 20ns

ETHiirich PCIM

< Meas. Cell Time
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Challenge #10/10
Competing Approaches

SSTvs. LFT
SST vs. FACTS

ETHzurich
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» The Competitor: 1000 kVA LF Distribution Transformer

m Standard Off-the-Shelve Products
m Typically Liquid Filled (0il): Isolation, Cooling

5000 /d 6 ]
— 4000 % — 9/
2 g~ £ 4 g.40....9
—' 3000 v —
= ﬁ g %9
.29 2000 ]3 S 0
g S 2 58
2 >

1000 p/

0 0
0 1000 2000 0 1000 2000
rated power [kVA] rated power [kVA]

Source: ABB

m Averaged Data from Different Manufacturers

LFT  SSTMV  SSTLV  SST AC/AC

efficiency 98.7 %
volume 3.43 m?3
weight 2590 kg
material cost 11.3 kUSD

ETH:iirich PCIM
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» LF Transformer — SST

m Efficiency Challenge (Qualitative)

1 AC

Uy o.”.o
fi AC i

AC /T

AC | |

L -

Uy 7 Uuy*

.J”Zi .Jrz*

d)

m Medium Freq. — Higher Transf. Efficiency Partly Compensates Converter Stage Losses
m Medium Freq. — Low Volume, High Control Dynamics

ETH:urich

150/233
LF Isolation
Purely Passive (a)
Series Voltage Comp. (b)
Series AC Chopper (c)
MF Isolation
Active Input & Output Stage (d)
5
A —— AC/AC
TP, a) 2 Ac/ac
MF
LF Transformer —— —— Transformer
—— AC/AC
a) b) c) d)
PCIM

EUROPE
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o ‘\‘-‘mvo tage

» SST vs. LFT Quantified - MV Side Modeling .l

m Fully Rated Converter Cell Prototype

MF transformer

DC
=

1.1kV
-

MYV phase stack

1 MV v 3 »+ s —
+§ NS

N 500 kVA LV converters
800VDC —— DC bus

m Filter Inductor Pareto Optimization m Cabinets a
100 300 : 2000
—_ i >1100 3 £, I a
= — 1000 = = 200040 & 1500
|
g 5.9 R § :En 4 | = 1000
8 800 5 100p 6 - —i-—-b--q 9
& e < 3 Lo 5 500
= w | | |
L I ) ] ] |
i i 600 = 0 0
9.8 1015 25 0 1 2 :
power density [KVA/I] enclosed vol. [m’] enclosed vol. [m’]

m Material Costs: High-Volume Component Cost Models «R. Burkart and 3. W. Kolar, “Component cost models for
multi-objective optimizations of switched-mode power
converters,” in Enerqy Conversion Congr. and Expo. (FCCE),
2013, pp. 2139-2146.
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» SST vs. LFT Quantified - LV Side Modeling

m Basic Pareto Optimization of Standard 500kVA Inverter/Rectifier

800V

EMI
filter

* (alculated Results (Losses, Volumes)

* Good Agreement with Specs of
Commercially Available Active

Frontend Converter

ETH:urich

efficiency [%]

98.5

\0
o0

97.5

97

multilevel output
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A

800VDC —— DC bus

0

0.2 0.4 0.6 0.8
power density [kVA/I]

switching frequency [kHz]
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» SST vs. LFT Quantified - AC/AC Conversion
m AC/AC SST = SST MV + 2 SST LV
LFT SSTMV  SSTLV  SST AC/AC
efficiency 98.3 98.0 9.3 %
volume 3.43 1.57 1.10 m?3
weight 2590 1270 1330 kg
material cost > 34.1 > 18.6 > 52.7 kUSD
EPLSL o T acjac » Efficiency Challenge
2P| 1 ronc Confirmed by Quant.
,,,,,,,,,,, ! poswe  Analysis
|—AC/AC
a) b) c) d)
PCIM
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» SST vs. LFT Quantified - AC/AC and AC/DC Conversion

m AC/AC Application m AC/DC Application
LFT LFT — sac /i~ P/2
p o JIEL B h%llg{:
= it =—> = e | .
i . 3¢ JEL‘-_ﬂ. vy

—{DC
AC rLas 4t
. 0sses )
P JACZ [ . P/2 P JAC Further Reading
— AC o —AC
=) —JAC | A& — — —JAC J. E. Huber and Johann W.
JDC ALY _éDC Kolar, “Volume / Weight / Cost
P Comparison of a 1 MVA 10 kV /
DC DC # 400 V Solid-State against a
Conventional Low-Frequency
Distribution Transformer,” in
Proc. Energy Conversion Congr.
m SSTs Suitable for Future AC/DC Applications With Direct MV Connection and Expo (ECCE), 2014.
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SST vs. FACTS

ETH:urich
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» FACTS - Flexible AC Transmission System

m Goal: Influence Power Flows In Order To Optimally Utilize Transmission Capacities

I Power Electronic Systems
-l Laboratory

Without Power Electronics
m Static VAr Compensator (Capacitor &
Reactor Banks)

m VRDT

m Distribution Voltage Regulators

With Power Electronics

m STATCOM (Static Synchronous Compensator)
* Reactive Power Compensation

* Active Filtering of Harmonics

* Glitch Compensation
m Active Voltage Regulators

AC-Network Controller

conventional
(switched)

FACTS-Devices
(fast, static)

[

|R, L,C, Transformer{

’ Thyristorvalve H\/o\tageSourceConv.‘ |Hybr\dDevices‘

Shunt-Devices:
Q-Compensation,
Voltage Control,
Power Quality

Switched Shunt-
Compensation (L,C)|

Static Var

Compensator
(SVC)

Static Synchronous

Compensator
(SVC Light/STATCOM)

STATCOM
+Battery

Series-Devices:

(Switched) Series-

Thyristor Controlled

Static Synchronous

FaultCurrent

control range

Q-Compensation Compensation (L,C)| Series Compensator| |Series Compensator] Limiter
Stability Improvement (SC) (TCSC) (SSSC,DVR, SVR) (SC+FPD)
| | |
B DYRETTReRT Unified Power
Shunt+Series: Phase Shifting Flow Controller Flow Controller
Power Flow Control Transformer (DPFC) (UPFC,AVC)
HVDCVSC

ETH:urich

Img.: Ch. Rehtanz/TU Dortmund

capacitive inductive

is

156/233

is

AC

i

control ra{ge VA

capacitive inductive

W

is
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» Voltage Band Violations in the Distribution System

m Voltage Band Specified by EN 50160: +10%

m Limits Renewable Power Infeed on LV and MV Level
* Max. 3% Voltage Increase on LV Level
* Max. 2% Voltage Increase on LV Level

110 kV 20 kV 20 kY 04KV 0.4 KV

Local grid

Substation Medium-voltage grid . Low-voltage grid

g station Maximum

< +10% Outside the voltage band i

£ 0w b g feed-in

a:_l,_‘ +

£

E 2% voltage rise from feed-in

= , +3% 3% voltage rise from feed-in

| =

HO

<

= 0% \

5

k] 5% 5% voltage drop

B

-10% - PR

-10% Outside the voltage band Maximum

load

Source: Maschinenfabrik Rheinhausen GRIDCON Brochure

m Grid Expansion Necessary Even Though Equipment Capacities Are Not Exhausted
m SST Can Control Voltages — But So Can Voltage Regulation Distribution Transformer (VRDT), etc.

ETH:iirich PCIM
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» Voltage Regulation Distribution Transformer

m LFT Extended By A Controlled Automatic On-Load Tap Changer
* Up to 9 Positions, e.g., +4 x 2.5%
* Up to 700°000 Switching Transitions

: E _— VRDT
110 kV 20 kV 20kV 0.4 KV 0.4 kV

. . . Local grid .
Substation Medium-voltage grid station Low-voltage grid _

g - Maximum
= +10% Qutside the voltage band P
= +10%
2
E
@ 5% Do d
g equiatio
o
< 0%
£
e ot
s 2% regulation of bandwidth for transformer b
2 -500 - o
= - ; pward
e
o Q dlio

-10%

-10°/o Outside the voltage band

Source: Maschinenfabrik Rheinhausen GRIDCON Brochure

m Max. 11% Voltage Increase on LV Level
m Max. 13% Voltage Increase on MV Level

ETH:irich PCIM
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» SST vs. Voltage Regulation Distribution Transformer

m SST Control is Continuous and Faster

m SST Control Range Can Be Larger

m SST Transfers only Active Power (Complete Decoupling)

m SST Provides Wider Control Range, — Interesting in High MV Voltage Situations

1.2+

]
==

=
/

() |

///ﬁ&n(4x115%)

0.9 1.0 1.1
v [pu]

m But: Complexity, Costs, Robustness, etc.

ETHzurich
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» Distribution Transformer with Electronic Tap Changer (1)

m P. Bauer (1997)

* MV Winding with Power Electronic Switched Tap. @
* Two Modes of Operation:
- Single Tap Position (a)
- PWM Modulated Tap (b)

swi L | K

sW3

Sw4

u v w mpl
v VE\ w
PR [ el sw2 lnr‘lr‘ll‘ll’l[‘ll‘ll’l
? sw;l:u:ii'ini'innn'ri 5_ n
swapififiiieiitis nnnnnnnnn
ETH:zurich e
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» Distribution Transformer with Electronic Tap Changer (2)

m Electronic Tap Changer — Complex Control Circuit
m Crowbar for Emergency Ride-Through
m Commutation Sequence of the 4-Quadrant Switches

ETH:urich

D3 AT Ds s 0
IGBT4 IGBT6
D4 sW4 SW6

Switching cell of the tap switching.

swe — L 1 1 1 1]

L

R el L ] [ 6

161/233
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» Distribution Voltage Regulators

m Available for MV or LV Systems

m Easy Retrofit (No Modification of Existing LFT)
m Periodic Placement Along a Feeder Possible

m Voltage Symmetrization

T 380 kV

/)

110 kV

>

 J
Source: SIEMENS Voltage-Regulator-Catalogue

=
!
! A | PV-Anlage
h 30 km 20 kY | EHONHB S ! +50 kW Last
I

04 kY T

& |3 T AAAA

I e ——— |

s i 1504 '

i = i H

H ﬁ = ' Tg Netzregler |1

i o ~ =

! « H — E@ :

l 100A > Imax 100A
H

Yo +dU % +dU

Spannungsverlauf 20 kV bei Einspeisung l Spannungsverlauf 0,4 kV bei Einspeisung

Spannungsverlauf 20 kV bei Bezug | Spannungsverlauf 0,4 kV bei Bezug (Belastung)

% -dU % -dU

Source: www.walcher.com
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» Active Series Voltage Regulators

m Protection of Sensitive Industrial and
Commercial Loads from Voltage Disturbances

Continuous Voltage Regulation

Correction of Voltage Sags, Unbalances,
Surges, and Phase Angle Errors
* Harmonic Filtering

Reactive Power Compensation / Power
Factor Correction

Utility Voltage

3-Phase

Utility @

163/233

AVC Compensating Voltage Output Voltage

Input

Circuit

Breaker PCS1 00 AVC Injection

Transformer 3-Phase

supply & X

m LFT + AVR = VRDT Functionality!

ETH:urich

|

Load

Aucxilliary
Circuit
Breaker

Inverter &
Bypass

Autotransformer
20

Rectifier

—S n{ ; l E! ‘§

Source: ABB PCS100 Brochure

PCIM
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» Combinations of LFT and SST (1)

m Bala (ABB 2012)

®  Singlephase Hybrid Transformer

[
5
e
5
Z 8 -
8 g & z &
= g = ak )
gl | 2.5 9| (923
& w*g Circuiry for g Zd
£ g 2z Precharge + g ]
& ] Protection + =
g 8 Bypass S — |
3
&

Primary Primary Secondary A
Aaaaaaﬁ""j T
Primar \ i h |I||| Hl 111 TRTATRTAY
’ u?':faw.v i M HMHB

- -
'4“_
-._‘__ —
i .E.:—_—*‘
1“-_:-_-
o o
-:-‘_“' =2
-‘g —— z
g ——
._:: —
%
dx__;p
"”‘-::-
._._-—'-
":‘:':_-.-
_— 5
——

ftee] =
i —

Option 1a

m Reactive Power Compensation (PFC, Active Filter, Flicker Control)

m Available DC Port (Isolated in Option 1a)
m Option 2: Controlled OQutput Voltage

ETHziirich PCIV
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» Combinations of LFT and SST (2)

m Bala (ABB, 2012)

ABB Low Votage Power Converter Products

C D RS

Staus: STOP i

Input Output

Reference ‘
440 Y

ABE  Low vonage Power Converter Products

(=== ) EESEE EETN
[ e | owwmry | dervoe ]

[ Status: RUN

Input

m Commercial Product (ABB)
m Direct Connection of Input to Output (Bypass) or '
m Compensation of Inp. Voltage Sag (Contr. Output Voltage)

[

ETHzurich PCIM
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» Reactive Power Compensation / Voltage Regulation

m Static VAr Compensation

o $ 0

ya \,‘

ETH:urich

N o . . 71s
capacitive inductive

m STATCOM

[

Ts

AC * Power/Voltage Quality Improvement
* Voltage Regulation
* Compensation of Harmonics, Flicker,

H

control range

\

ya

————— —> s
capacitive inductive

PCIM
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» SST vs. LFT + STATCOM

m SST’s VAr Capability Depends on Active Power Flow!

ETH:urich

/" BDEW Reg.

< Derating Due To

Voltage Reserve
Limitations

inductive/
underexcitated

capacitive /
overexcitated

STATCOM Ratings

STATCOM + LFT 4

e Or: Max. Active Power Flow Limited By Net Reactive Power Demand of Grid Section!

167/233

m SST Provides Complete Decoupling of Reactive Power Flow of MV and LV Grid

* No Propagation of Disturbances
* Different STATCOM OPs in MV and LV Grid

P/Sx

PCIM

EUROPE
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» SSTin Grid Applications

Unique Characteristics Potential Problems

m LV DC Bus Allows Interfacing Local DC Systems m Costs !!!

m Complete Decoupling AC Parameters m Robustness & Reliability
m Only Active Power Flow Between Grids m Efficiency

m Compatibility with Existing Protection
Concepts (e.g., Fusing Currents, etc.)

Main Aspects

m SSTs Are Not a 1:1 Replacement for Conventional Distribution Transformers
m SSTs Can Integrate Features of Different Components into a Single Unit

m Main Potential for SSTs in MV-AC to LV-DC Applications
(DC Grids in Plants or Buildings)

ETHziirich PCIM
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Smart Grid SSTs
Examples

ETHzurich
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» UNIFLEX Project (1)

m EU Project (2009)

Port 1
3y ——H— UNIFLEX

P
SeCN
Port 3 ﬂ. Q
415V w

Port 2

T 33KV

B

3-phase grid/load

H-bridge| < | PC

<

DC Y detay
H-bridge| T | PS40 [Vaaw
H-bridge| T | PC17 Vi
H-bridge| T | PS5 [Vawny
H—bﬁdge[ﬂ%'j’dd(m
H'bﬁdgel:}j%bldcl(B)
H-bﬁdgem%izvdd(m
H-bridge DE N Vaawy
H-bﬁdgem%bfmm
H-bﬁdgel}j%:\/wc)
Hobridge| & | PCA0 [Visg
H-bridge| T | DS [V e

Port 1

170/233

Port 2

v dod( AE{ -H—bridge

Vv dEA(B)_‘:E H-bridge
I ;
VaoaeyT, | H-bridge

| Y YT

L YT

Port 3

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

ETH:urich

3-phase grid/load

Storage elements

PCIM

EUROPE
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» UNIFLEX Project (2)

m EU Project (2009)

Port 3 ﬂ. Q L
S Pl

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

ETH ziirich PCIM
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» UNIFLEX Project (3)

m EU Project (2009)

DC link 1 DC link 2

- 4@ B
AC side T

<3

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

~—

AC side

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

ETHiirich PCIM
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» SiC-Enabled Solid State Power Substation (1)

m Das (2011)

m Fully Phase Modular System e j'} i’} ) J::} f} @
m Indirect Matrix Converter Modules (f; = f) T d T

m MV A-Connection (13.8kV,, 4 Modules in Series) -E;} -EI} . 4::} '(,}

m LV Y-Connection (465V/Y 3, Modules in Parallel)

Ji—
N
Ny
—
NN
AN
> b~
=
- N
N
—
— N4
N
T
et Aramat dIrac

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

ETHziirich PCIM
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» SiC-Enabled Solid State Power Substation (2)

m Das (2011)

m Fully Phase Modular System

m Indirect Matrix Converter Modules (f; = f,)

m MV A-Connection (13.8kV,, 4 Modules in Series)
m LV Y-Connection (465V/Y 3, Modules in Parallel)

fay

|

Uy

nN

—

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

ETHziirich PCIM
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» MEGACube @ ETH Zurich (1) [Modulel

MYV Side MF LV Side
o Transf.
m Total Power 1MW
m Frequency 20kHz L |
m Efficiency Goal  97% =z | o} =
= =
I
;
»:’5 D, g -
= “A = =
— @
- Il
b
AR - 5
%
F _Module 2
s -
&
=~ _ Module 3
" —
_ Module 4
— Module 5 :|
m MV Level  12kV ]
_Module 6
m LVLevel 1.2kV [ ot
ETHzurich PCIM

EUROPE
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» MEGACube @ ETH Zurich (2)

NPC-based bridge MF transformer Mixed fullbridge

m DC-DC Converter Stage

m Module Power 166kW
m Frequency 20kHz 2kV °
m Triangular Current Mode Modulation 4|00V
1600 800
_ 1200 600
= =
o 800 400
£ 400 200 £
> o
0 0
-400 -200
Time [ps]
4 166kW / 20kHz TCM DC-DC Converter a Structure of the 166kW Module and
(Ortiz, 2014) MV Side Waveforms

ETHzurich PCIM
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» Matrix-Type SST

m Proposed for Energy Storage Systems (Enjeti, 2012)

(3-phase PWM Rectifier " Ibat
. NL\:V'\:,
Fane, [ B2 B2 |

LYY Vw_:cg Vaatt1 Bat12 =] ---- VBatiN

% 838 |
1

1-Phase AC-AC Full
Bridge with SiC IGBTs

-l ::g
Swi Sw3
.l
=c Voriph_cz
1 Swé Sw2 Battery Bank for Storage
.|
J

Vaatzi Vaazz ---- VBata]

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

V. 4160 V

Vi Medium Voltage
Utility Grid

Va

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

ETHzurich PCIM
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Traction SSTs
Examples
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (1)

AL I ED
']

m Dujicetal. (2011)

m Rufer (1996)
m Steiner  (1997)
m Heinemann (2002)

P=1.2MVA, 1.8MVA pk.
9 Cells (Modular)

54 x (6.5kV, 400A IGBTs)
18 x (6.5kV, 200A IGBTs)
18 x (3.3kV, 800A IGBTs)

9 x MF Transf. (150kVA, 1.8kHz)

1 x Input Choke

ETH:urich

Catenery PETT

Pantograph 15kV 16 2/3 Hz Power Electronics Traction Transformer
- HV PEBB's LV PEBB's
. . Shart AFE LRC MRGC .
,,,,,, " L 1 n e s 1 d e Circuit [Active Front "L';:;f:nfr Re?:::m (Mator side ol MOtOI' S ] d e
@1' | IGBT's End) o Resanant Converter)

179/233

L

ATUIBIN U

0]78UL0D BU)|

ndul

mator |
=

Gontrolier i

by MICAS. i

f AUX supply A

15kVA. 3x400V @ 50HZ
5kVA 36V de |

PCIM
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (2)

m Zhao et al. (ABB, 2011)

Catenary
MV LF AC MF AC
l
T i i T
i | i
d J J J
aFgk T 43 4T
< . Cell1
i ! X
— CellN pu
( ) Rail
PET topology with cascaded H-bridges and

resonant (LLC)DC-DC stages

ETHiirich PCIM
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (3)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer

v

 C(Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages o b

1250 peoeeeennins

[A]

vl

3000 f--- -1 200

2000

1000 froe-f - 200

1
0 0.2 04 0.6 0.8 1.0
Time [ms]

ETH:iirich PCIM
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (4)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer

 C(Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages

v Efficiency

[0/“1 ]

98

96

94

92

(=7 1 R, / ..... ............. ., == e (QOperating with 9 levels |
: : = Operating with 8 levels
i ] 1 i

0 200 400 600 800 1000
Output Power [kW]

ETHziirich PCIM
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» Cascaded H-Bridges and Resonant LLC DC-DC Stages (5)

m 1.2MVA, 15kV, 16 2/, Hz, 1ph. AC/DC Power Electronic Transformer

 C(Cascaded H-Bridge — 9 Cells
* Resonant LLC DC/DC Converter Stages

v Retrofit of Shunting Locomotive

ETH:irich PCIM
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» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages (1)

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

Tek Run: 5.00MS/s sample [Trig?]

Catenary 1
Ploag = 700kW

-t o
N e f\ | (\ j\ | ﬂ\ (B
L QWFE} ﬁ}—- \ Y

J JG JH} JG ........ .
'S) M 2005 F2a0mV 20

MV LF AC MF AC

Cell 1
— Cell 2 L. Dynamic behavior of DC-DC converter
| ; i
¢ CellN =
jlﬁ_ Rail

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

ETHiirich PCIM
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» Cascaded H-Bridges with Resonant/Non-Resonant DC-DC Stages (2)

- Steiner (Bombardier, 2007)

- Weigel (SIEMENS, 2009)

450kW - Module Power  350kW
- Frequency 8kHz

- Module Power
- Frequency 5.6kHz

=
3
-
-
-
-
-
-
-
-
-
-
-
1

ETHziirich PCIM
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» Cascaded H-Bridges with Multi-Winding MF Transformer (1)

m Engel (ALSTOM, 2003)

Catenary
MVLFAC e MF AC

Rail
PET topology with cascaded H-bridges and multi-
winding MFT
ETHziirich PCIM

EUROPE
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» Cascaded H-Bridges with Multi-Winding MF Transformer (2)

, ~ - Engel (ALSTOM, 2003)
" dc-link capacitors . busbar %disconnectors
\ - Module Power 180kW
- Frequency 5kHz
o T Hitig
Wi o S
~~—a _ - ggiﬁgﬁgfﬁg;ﬁg resonant capacitors
ETH:iirich PCIM
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» Cascaded H-Bridges with Multi-Winding MF Transformer (3)

15k¥Y tarminal

4Q convarter

SkHzx transformer
20 x0.73 x 0.49m}

. Travnsformear
‘toollng systam

Glass flbre re-Inforcad plastic anclosura
{2.62x212x0.58m}

- Taufiq (ALSTOM, 2007)

- Module Power  180kW
- Frequency 5kHz

ETH:irich PCIM
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» Cascaded VSI Commutated Primary Converter (1)

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

Catenary

|
|
|
L —

[
FAAN
Ly
L

e

g3

N

=

==

=
= :
L
=& ':
o

=

=
=

fr

=

=
L=

=

=

=

-

& .
=
i
F

| Chil 500V  |Chz 100mv  |M4.00ms A Chl £ 0.00V
Rail ch3[ 200mv @@+ 500V |

1§/50.00 %

H . Experiment: steady-state; rectifier mode; load 2 kW;
PET topology_ with cascaded source commutated L, G e AT 00y, Clrta
primary converters
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» Cascaded VSI Commutated Primary Converter (2)

- Pittermann (2008)

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

ETHziirich PCIM
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» Cascaded VSI Commutated Primary Converter (3)

Hugo (ABB, 2006)

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

Frequency 400Hz

ETH:irich PCIM
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» Modular Multilevel Converter (1)

m Marquardt/Glinka (SIEMENS, 2003)

Catenary

MV LPAC

[

ETH:urich

PET topology using M2LC converter

kV] 50

25 f

25
-50
'A] 300
200
100

0
-100
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» Modular Multilevel Converter (2)

m Marquardt/Glinka (SIEMENS, 2003)

m Module Power 270kW
m Module Frequency  350Hz

ETHziirich PCIV
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Future Concepts:
Unidirectional SSTs
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» Unidirectional SST Topologies

m Direct Supply of 400V/48V DC System from 6.6kV AC
m Direct PV Energy Regeneration from 1kV DC into 6.6kV AC

195/233

[ MV-AC Grid

W

240...400V AC
. . AC
m SST / LFT Comparison for AC/DC Applications
DC
Replace with SST!
400V DC Bus
| | |
, DC DC nc D¢
SST
cost \ AC AC DC pC
6 45 NS N L =
ORINIEN i
Motor  ACLoad Battery PV Array DCLload
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» Unidirectional DC-Link Based SST Structure

m Ronan et al. (2000)

m AC Input

m DC/DC

7.2kV
1000V/275V

m AC Output 120V/240V

Input Isolation Output
Module Module Module
F-=—=—=—=-=--- b po====S---co=---) po---------

{ . — r-"ﬂml— |

: r Y ¥ : : g] £ 3% : | ac
ac —+ 1 1 et
o Il :u: E : i - = i nlutput
& K \ : 1 J_: x T LJUP :
ettt L e K
low-freq ac high-freq ac low-freq ac

m ISOP Modular Topology

m Three-Stage (AC/DC-DC/DC-DC/AC) Approach

ETH:urich
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Vin Vde Vecou
Input Isolation
Stage Stage
Control Control . '
Vout+ bout+  Voutr Your.
— dh—l -kk— % I | | |
oot [T eaton A, [Oupur] [Ouipur
Module Module |-
i : Leg(+)] |Leg ()
1| Input 1| Isolation[; A\ | Control| | Control
Module ! Module i* i*
L ! ! ) ¢
T: vy \ ~ I~ h—— Output |—— Vour+
Ay - | Module % Vo
1
I 1 1
t’ Input Isolation|T7 Low
Module]l 1| Module [LAhA Voltage
‘j C ‘ AC
Input 7~ Isolation [
{Module Module [
| ! 1 1 6
i Input ' | Isolation 1
| Stage | 1 Stage 1
PCIM
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» Unidirectional DC-Link Based SST Structure (1)

m EPRI (2009)

td. Building Block, 25kVA
m ACInput  8.6kV (15kVI-l) sesxvacinpns — o——o ,_mrm___‘/s 4
= DC/DC 3.5kV/400V BET 8B | o7
m ACOQutput 120V/240V M
5 | : il_*il_*:
H#H45 | | B8 gudF KF K
2R E i TEE
1L |
F; * :[ ¥ 3% ¥ 12;?VAC
—fl—;—-!;——— i‘—-—i[——;—[—— gf :: “200 VDJ:KI} Kl}
BE] [HE  af
= i = ‘ o ? ) %
i | |

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

ETHzurich PCIM
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» Unidirectional DC-Link Based SST Structure (2)

m EPRI (2009)

Cascade Output Inverter
Converter Block Resonant Converter Block Block

___________________________________________________

PIE Ei Ktj -":i} 120 VAC|

I |

=4 ii -"i}, .":!% 120 VACE

_________________________

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

ETHiirich PCIM
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» Unidirectional DC-Link Based SST Structure

m Enjeti (2012)

Thres phase Diods Rectfier [ 3-Lovel NPC Inverter with MV [GBTs
3-Phase Medium Frequency Transformer is:njgm T L

(2= winding primary & 2-winding secondary) S.M_I SBLI
A

ke = Vi et ==
m ZISNZIE“%S‘“ sm_l ssz_l

Three phase Diode Rectifier 0
Y YY)

1=phase unidirectional
AC-AC Converter

| 3-Phase Input Filter

lin_a_fitered
Va vb Ve
N

Medium Voltage, 3-Phase 60Hz AC

v,
| 3-Phase
Medium Voltage Motor

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

Enjeti (2012
m Enjeti (2012) o

3-Phase Medium Frequency Transformer

(2- winding primary & 6= winding Y-A Secondaryymﬂ A DCA AC-DCA
# .|_J|3 VAY * "JI} vBY # '::"JP vey
lase_a it Y i

: Ll
1-phase uni«directional
AC-AC Converter |

D1f\03

51 53

AC-DC-A AC-DC-AC
. .

.| ; VAA #."J'; VBA *.'.1'3 vea
f '_AvouU\B_' —

lin_4 LB 3-Phase
) Medium Voltage Motor
Three phase Dicde Rectifier— VAY
Single phase IGBT Inverter

- ig * q
D1/\p2 ‘l;}
‘ 3-Phase Input Filter ‘ ‘ 51 S3

Va+ Vbé Vc+ Vacrecd <
N Aos Tos 52
Medium Voltage, 3-Phase 60Hz AC

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

m van der Merwe (2009)

3 Phase
* Inverter i

T C

T

control & i

High Voltage ~ Low Voltage
Side : Side B

s A A
11 000 v LF-ac : HF-ac | _330v
3¢' = 10 : 1o — 3¢'
HF-ac : LF-ac

bty

T

—

Atout .. Akon
L o

Crou... Chon

NS

Main Controller

m 5-Level Series Stacked Unidir. Boost Input Stage

ETH:irich PCIM
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» MF Power Distribution Architecture for Data Centers

m Bidirectional AC/AC Grid Interface AC-AC Converter
m Multi-Winding MF Transformer ﬁ! —
o qe . T . 3-Phase Medium A Al A e
m Unidirectional or Bidirectional Ver 3 Vo croquency Transformer St
Loads on Secondaries A C f
2ch [ Boost
") B lsec r—x@:wm Critical Load/
g sec_| ritical Loa
: — JBoosll Vaes
Essential Loads/ @ e » ServerPower

. Boost
Cooling t = PFC Ve
. 4 ;

ups/ Ca &2 (TPhase BoostPFC
Battery T ~ el +— L — I — Lppc
(3phase PWW) S48
Inverter |

in E / E'E
ss| s3] s
1

n
_ w | 3-Phase Input Filter |

lin_a_filtered
41-50\1’/60": Va Vb Ve
Medium Voltage
Utility Grid N

-

m Hybrid Uni-/Bidirectional Enjeti, 2014
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» ACvs. Facility-Level DC Telecom Power Supply Systems

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

m Conventional US 480V, Distribution Source: (\NYES" 2007

m E.g. ABB / Green DC Data Center (+190V/-190V DC Distribution)

PCIM
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» ACvs. Facility-Level DC Telecom Power Supply Systems

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

m Conventional US 480V, Distribution Source: (\NYES" 2007

Rack

m Future Concept: Direct 6.6kV AC — 400V DC Conversion (Unidirectional) incl. Isolation

PCIM

ETHzurich v
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» SST-Based Facility-Level 400V DC Distribution System

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

A 23

H
6.600 V,. | | [Pt ||k 400V,

X % J3

[t

400V
DC

POV Rack

m Future Concept: Direct 6.6kV AC — 400V DC Conversion (Unidirectional) incl. Isolation
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» SST-Based Rack-Level 48V DC Power Supply System

=
6.600 V,. 11 i

|
a3
e
A 4
I
1
:‘
|

Il

L

>

Pt

»
N
1!

1
m Direct / Individual Supply of Racks 4\
480V/
400V 400v
AC DC

m Future Concept: Direct 6.6kV AC — 48V DC Conversion (Unidirectional) w. Integr. Storage

ETHziirich PCIM

EUROPE



VED Doberatory o Yot 207/233

» SST-Based Rack-Level 48V DC Power Supply System

m Reduces Cost (Losses / Material Effort / Footprint)
m High Reliability (Maximum Modularity / Redundancy)

— Distributed 48V Battery
Buffer on Rack Level

A A

6.600 V. <] |

A 2

|
a3
t
Il
I
[ |

[l

I
>
P
>
Pt

L{ 'iﬁ Rack

m Future Concept: Direct 6.6kV AC — 48V DC Conversion / Unidirectional SST w. Integr. Storage

ETHiirich PCIM
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» SST-Based High-Power 400V DC Supplies

m Direct Supply of 400V DC System from 6.6kV AC | ,?' 1 «<McB
m ALL-SiC Realization (50kHz XFMR) R ]

m P=25kW @ \’:l |

Il
I
E] .
ot
i
I
I

5-Level  Diode rel. RMS !
Topology Current Stress  MCB Topology LI |

Total Diode
Chip Area
[em?]

Total MOSFET
Chip Area -

MMLC B B3

Topology

[
s
=

A

=<
=
=
(]

T+

%100, MOSFET rel. RMS © I B
Current Stress j ] ;I l 1

_L'E.
-y
I
1L}

Heat Sink e e Transformer

Vol " Vol

ey ey BT £

Lin‘e‘r Ilnductor EJE]} 4\7“13 T # | ISP S
olume .
[dm’] & "W =
. . 'y J"H} ;:jj % i3
m Comparative Evaluation Based on Comp. Load Factors T
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» SST-Based High-Power 400V DC Supplies

PFC Stage Pareto-Plane
m Direct Supply of 400V DC System from 6.6kV AC 28 REYT !
. . . z kHz
m All-SiC Realization (50kHz XFMR) 99.7} e o 11kHz
5% Aipc 15 kHz
m P=25kW 20 kHz
= 0 25 kHz
E- 99.5 ® 35 kHz
é ® 50 kHz
m Overall Multi-Cell Topology Pareto-Optimization S 99.4 .
- > - 99.3 i A S 973 Kz
Lg Dy Sy L ¥ 158 MK ©100 kHz
SEx O sy ko, 0T FPe 99.2 : : -
DA 4D, = et s 5.5 6 6.5 7
2 vif| o '_IHI'— Power Density [kW/dm?]
S 2l
iac SleIZ Coi ° ‘EDJCDmiE £Dy, el 18
Vac Dy Sy =iz 085 DC/DC Stage Pareto-Plane
i = : : 100 kHz
=g 98.7 :
D& %D, - / 98.6
= 985 :
& : 250 kH
- 2 05 W 200k
:Esga.s 24
— 25 kHz (200kHz) : — 200 kHz 9 o 40 kHz
- 99.6% ' - 98.6% Nk 2
- 6.3 kW/dm?3 - 6.6 kW/dm3 BN
98.0

1 2 3 4 5
Power Density [kW/dm?]

m Total Efficiency (6.6kV AC — 400V DC) * 98.2% @ 3.2 kW/dm?
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» Other Unidirectional SST Applications: Power-to-Gas

m Electrolysis for Conversion of Excess Wind/Solar Electric Energy into Hydrogen
» Fuel-Cell Powered Cars

» Heating

m High-Power @ Low DC Voltage (e.g., 200V)
m Very Well Suited for MV-Connected SST-Based Power Supply

Power infrastructure

Power
generation

Gas infrastructure

4 Hydrogenics 100kW H,-Generator (n = 57%) e

ETHiirich PCIM
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» Other Unidirectional SST Applications: Oil & Gas Processing

m Future Subsea Distribution Network (Devold, ABB, 2012)

o ongong | [T
-
o
g o
@
Q
(1]
—
0O&G processing g.
i : + AC o
..Plarft?)r;n;;l;aters : Sibiea e miTrE BE son 3
Power supply
Platform based power £ itz dotance poricr
generation or power il
from shore 'c-:];‘g :C
ABB investing in subsea electrification & automation
solutions to enable future subsea processing g’
o
7]
. . drive 8
m Transmission Over DC, No Platforms/Floaters o, B
spee!
m Longer Distances Possible Stepoun. e
m Subsea 0&G Processing .
:?:;'lins \ J

m Weight Optimized Power Electronics
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» Future Hybrid or All-Electric Aircraft

Source:

EADS

m Powered by Thermal Efficiency Optimized Gas Turbine and/or Future Batteries (1000 Wh/kg)
m Highly Efficient Superconducting Motors Driving Distributed Fans (E-Thrust)
m Until 2050: Cut CO2 Emissions by 75%, NO, by 90%, Noise Level by 65%

ETHzurich PCIM
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Source:

» Future Hybrid Aircraft

Superconducting-motor-driven
fans in a continuous nacelle

Fan-speed o
motors —, Distributed
fans

o High-speed HTS
Wlng—tlp mounted generator — eleCtl’[C8|
superconducting bus =
| Power
turbogenerators s ! Converter
; D St g
i o_ . po
Turboshaft Cryo ! [
engine cooler(s) ] @ 5, 0
]

Cryo ]
cooling ~ §

Other
applications

m NASA N3-X Vehicle Concept using Turboel. Distrib. Propulsion
m Electr. Power Transm. allows High Flex. in Generator/Fan Placement

m Generators: 2 x 40.2MW / Fans: 14 x 5.74 MW (1.3m Diameter)
PCIM

EUROPE
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» Airborne Wind Turbines

m Power Kite Equipped with Turbine / Generator / Power Electronics
m Power Transmitted to Ground Electrically
m Minimum of Mechanically Supporting Parts

%>MAMNI POWER GOOSI@”X

In operation, the wing flies
in aciroular pathat an
altitude of 400 m.

ETHz(irich PCIM
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» 100kW Airborne Wind Turbine

m Ultra-Light Weight Multi-Cell All-SiC Solid-State Transformer — 8kV,. — 700V,

* Medium Voltage Port 1750 ... 2000 VDC

* Switching Frequency 100 kHz

* Low Voltage Port 650 ... 750 VDC

* (Cell Rated Power 6.25 kW

* Power Density 5.2 kW/dm?3 o Wind Turbine

 Specific Weight 4.4 kW/kg W~-‘-1--T;/-b (A\;VT)
T = +1 : o n —o0

© ! + | 1"DAB +

oy i= /| ! i
T e- de-dey, | i T »pas v,

750 v | 8.0 kV
: rd ;
3'DAB | 69kv

® o
NN N NN

de-dc - 4"DAB -

— =
]

(AT
©=

— =
1
l
o
(e}
o
(e}

mains

.

@
N
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» 100kW Airborne Wind Turbine

m Ultra-Light Weight Multi-Cell All-SiC Solid-State Transformer — 8kV,. — 700V,

* Medium Voltage Port 1750 ... 2000 VDC

 Switching Frequency 100 kHz

* Low Voltage Port 650 ... 750 VDC

* C(Cell Rated Power 6.25 kW e -

* Power Density 5.2 kW/dm3 * | Lyg i | T, TA%
 Specific Weight 4.4 kW/kg BF R

=~
Il
]
Q
Il
]
Q

trans. and
ind. heat sink

R 95 b g At
g N/ e V,=750V ]
é 89 — e V. =700 V —
D 86— ==V, =650V
I T I

01 2 3 4 5 6 7
power / kW
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» Future Military Applications

m MV Cellular DC Power Distribution on Future Combat Ships, etc.

Source:
General Dynamics

Energy LOAD

Input
Converter
Ship Energy Magazine Specific LOAD

Topology to be determined

Power
redundancy is included
although not specifically
depicted

LOAD

giopg

LOAD

Energy Magazine En

m “Energy Magazine” as Extension of Electric Power System / Individual Load Power Conditioning
m Bidirectional Power Flow for Advanced Weapon Load Demand
m Extreme Energy and Power Density Requirements

ETH:irich PCIM
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A Few Words on
Education...

| Future | j

NEXT EXIT A I|
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» Education: Smart XXX = Power Electronics + Power Systems + ICT

m Today: Gap in Mutual Understanding
Between the Disciplines

m Future:

p(t) / p(t)dt

Power Conversion = — Energy Management Distribution

Converter Stability — System Stability (Autonomous. Ctrl. of Distributed Converters)
Cap. Filtering — Energy Storage & Demand Side Management

Costs / Efficiency — Life Cycle Costs / Mission Efficiency / Supply Chain Efficiency

ETHzurich PCIM
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» Education: MV Power Electronics - Test Facility

m Significant Planning and Realization Effort
m Power Supply / Cooling / Control / Simulation (Integrated)

| DANGER
HIGH VOLTAGE

AUTHORIZED
PERSONNEL ONLY

M L L AL A e

Img.:Center for Advanced Power Systems / Florida State University

m Large Space Requirement / Considerable Investment (!)

ETHziirich PCIM
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» Education: MV Power Electronics — Safety Issues, etc.

m PhD Students are Missing Practical Experience / Underestimate the Risk
m High Power Density Power Electronics Differs from Conv. HV Equipment
m Very Careful Training / Remaining Question of Responsibility

TAKE CARE WHEN
USING ELECTRICITY

ITHAS THE
A O

e KILL «ee ESPECIALLY @

m High Costs / Long Manufacturing Time of Test Setups
m Complicated Testing Due to Safety Procedures — Lower # of Publications/Time

L1

ETH:zirich PCIM
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Conclusion & Qutlook

SST Evaluation / Application Areas
Future Research Areas
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» SST Ends the “War of Currents”

DIRECT CURRENT

The flow of electricity is in one direction only.
The system operates at the same voltage level
throughout and is not as efficient for high-
voltage, long distance transmission

Direct current runs through:

0 -

Battery-Powered  Fuel and Solar Cells Light Emitting Diodes
Devices

Thomas Exficn, the splingeet s i
y, didn't iearn to talk un
iz years old

Edison promised Tesia a generous reward If e ¢
out his direct current system. The young engineer took
assignment and ended up saving Edison more than 100,000
(millions of dollars by today’s standards). When Tesla asked
for his rightful compensation, Edison declined to pay him

Tesla re: after, and the elder inventor spent the
to discredit

rest of his life campaigy unterpart Fe?

In order to prove the dangers of Tesla's alternating
current, Thomas Edison staged a highly publicized
electrocution of the three-ton elephant known
“Topsy.” She died instantly after being shocked with
 6,600-volt AC charge.

HENEY, WA

Incandescent light bul; phonograph; ¢
ing technology: m
D motors and electric power £ Nz ol

223/233

ALTERNATING CURRENT

Electric charge periodically reverses direction and

2.$&

Car Motors

THOMAS EDISOy

1847 1858
Milan, Ohia Smiljan, Croatia
Wizard of Menlo Park Wizard of the West
Home-schooled and self-taught
Mass communication and business Electromagnetism and electromechanical engineering
Trial and error
DC (Direct Current) AC (Alternating Current)

resonant transformer circuit; radio transmitter.
fluorescent light; AC motors and electric
generation s

ement - Tesla coil -

on picture camera

1931—Passed away peacefully in his New
Jersey home, surrounded by friends and family

1943 —Died lonely and in debt in
Room 3327 at the New Yarker Hotel

cou | pe

Studied math, physics, and mechanics at The Polytechnic Institute at Gratz

transmitted to customers by a transformer
that could handle much higher voltages.

Alternating Curren

@

Radio Signals

tuns through:

Appliances

\\] N | 400

on Edison ended 125 years of dir
It electricity smnc( m.u D N wih
d his

Getting inspired and seeing the invention in his mind in detail before fully constructing it

In 1915, both Edison and Tesla were to receive

Nobel Prizes lm P L but ultimately, neither won
It is rumo by their animosity towards each
e A el

COLLABORATION BETWEEN GOOD AND COLUMN FIVE

m No “Revenge” of T.A. Edison, but Future “Synergy” of AC and DC Systems!

PCIM
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» SST Limitations — Application Areas

m SST Limitations

Efficiency (Rel. High Losses 2-6%)

High Costs (Cost-Performance Ratio still to be Clarified)
Limited Volume Reduction vs. Conv. Transf. (Factor 2-3)
Limited Overload Capability

(Reliability)

m Potential Application Areas

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

» Applications for Volume/Weight Limited Systems where 2-4% of Losses Could be Accepted

ETH:irich PCIM
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» Overall Summary

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

P 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.)

m Environments with Pervasive Power Electronics for Energy Flow Control (No Protection Relays etc.) —
m Environments which Could be Designed for SST Application
m (Unidirectional) Medium Voltage Coupling of DC Distribution Systems

ETH:irich PCIM
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» SST Technology Hype Cycle

Visibility

Peak of
Inflated
Expectations

SSTs for Smart Grids

Slope of
Enlightenment

SSTs for Traction Plateau of

Through of Productivity

Technology Disillusionment

Trigger Time

m Different State of Development of SSTs for

ETH:urich

» Traction Applications
» Hybrid / Smart Grid Applications

226/233
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» SST for Grid Applications

SST
Research . )
Status A T\ " : Required for
Successful
Application

Img.: www.diamond-jewelry-pedia.com

m Huge Multi-Disciplinary Challenges / Opportunities (!)

ETH:irich PCIM
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... One Last Comment

Electrification of the
Developing World 5

ETHzurich PCIM
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» Rural Electrification in the Developing World

m 2 Billion “Bottom-of-the-Pyramid People” are Lacking Access to Clean Energy

)

The number of people without access to electricity

LATIN AMERICA SUB-SAHARAN AFRICA

2009 ° @ 2009

@

Low-incorne households ol of all primn

in Africa can spend up to wehocl chilren i he

40% of sl 2030 (2m) 2030
their income 291 million

young people, go
fo schools without
electricity.

on fuels for heating, ighting

and cooking

REST OF ASIA CHINA

2030 e (i5m) 2030 0 0 W
. Urban

Over 1 billion people will still be without access to electricity in 2030

e
1.2 billion
pecple kack occess o any
ype of reiable and

alfordoble power. A furher
800 million five in
areas where grid electricity
is unreliable, unpredictable
and inodecyate to meet

sic neecs

Eachyoor
4.3 m||||or|\

people die from househok!
ore than

Source: |EA, Dalberg Analysis, IFC

— Urgent Need for Village-Scale Solar DC Mirogrids, etc.
— 2 US$ for 2 LED Lights + Mobile-Phone Charging / Household / Month (!)
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Thank You!

Questions?
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