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What'ls a SST?

Transformer History and Basics
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3 Classical Transformér History (1)

y 1830 Henry / Faraday O Property of Induction

y 1878 Ganz Company (Hungary) © Toroidal Transformer (AC Incandescent Syst.)
y 1880 Ferranti O Early Transformer

y 1882 Gaular& Gibs O LinearShape XFMR (1884, 2kV, 40km)

y 1884 Blathy/ ZipernowskiDeri  © ToroidaKFMR (Inverse Type)

W. STANLEY, Jr.
INDUCTION COIL,

-7 ¢~2
Patented Sept. 21, 1886, No. 349,611,

y 1885 Stanley (&Westinghouse) O EasWanufactXFMR {1Full AC Distr. Syst.)

[Stanley1886]

.. 12e//Cc2616
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http://commons.wikimedia.org/wiki/File:William-Stanley_jr.jpg
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3 Classical Transformér History (2)

(No Model.)

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

No. 422,746, : Patented Mar. 4, 1800.

=
P

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.)

y 1889 Dobrovolsky 3-Phase Transformer
y 1891 1stComplete AC System (Gen. + XFKRsm+ El. Motor + Lamps, 40Hz, 25kV, 175km)

[Dobrovolski1890]

e . IP2//C .I
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3 Classical Transformér Basics

Yy MagneticCoreMaterial
Yy WindingMaterial
y Insulation / Cooling

y" OperatingFrequency
y OperatingVoltage

y Voltage TransfdRatio
Yy Current TransfdRatio
y Active PoweTransfer
Yy Reactive Powélrransfer
y Frequencyratio

y Magnetic Core 0
Cross Section

y Winding Window 0

ETH:ziurich

a Silicon Steel / Nanocrystalline / Amorphous / Ferrite
a Copper or Aluminum
a Mineral Oil or Ditype

a 5 0 /(Bl.GGHd Traction) a6/ ;Hz(Traction)
a1 0rkOkKM 6 p 35k V)

a1 BriROk\(Traction)

a 400V

a Fi xed

o Fixed

a Fixed, CR) o,
a Fixed Q CQ) £
g Fi(fx=é)

P Yo
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3 Transformer Scaling Laws (1)

P Y P
_\/Eu 6 "Qj
. V¢ 0
y Area Produc 0 _C~ =
Qo 6 B

y Volume: 4 © (E) o) )_ g —

164/ ;Hz 50Hz

100
90 | —Grid —Traction
80 :
70
60 y Caution:Too Optimistic!

50 1 o Constant Isolation Material Thickness
40 1 a Lower Fill Factokf) because dfitzWires

Volume [%]

30
20 |
10 | y Gain of Frequency Increase Depends on
U Grid Frequency
10 100 1000 10000 100000 1000000
Frequency [Hz]

ETH:zlrich el
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3 Transformer Scaling Laws (2)

y Scalingof Core Losses

0 "Q(?) 6
0]
5 o (2)ael
a a
> ) Increasing Size ()
3
.U
&
Ll
T .
Power Density
ETH:zurich
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y Scaling of Winding Losses

0 6 "OYo —
Il o

C

o B
a

y Higher Relative Volumes (Lower kVA/m
Allow to Achieve Higher Efficiencies
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3 Classical Transformer Summary (1)

y Advantages

Relatively Inexpensive

Highly Robust / Reliable

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

o]
o]
o]
o]

y Weaknesses

Voltage Drop Under Load

Losses at No Load

Sensitivity to Harmonics i

Sensitivity to DC Offset Load Imbalances ,

Provides No Overload Protection

Possible Fire Hazard

Environmental Concerns
LowFrequency LargeWeight /Volume Img: hﬁp 1 v hieoglectric.com

oo ooQoQooao

. I2e/Cc2616
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3 Classical Transform&r Summary (2)

y Advantages

Relatively Inexpensive

Highly Robust / Reliable

Highly Efficient (98.5%...99.5% Dep. on Power Rating)
Short Circuit Currehimitation

o o oo

Sourcehttp:// www.africancrisis.org
0 T DR

ETH:zlrich PCeEasis
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SST Definition
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3,517,300
Patented June 23, 1970

United States Patent Office

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 inverter configuration
switching circuits employing inverse-paralle! pairs of con-
trolled turn-off switches (such as transistors or gate turn-
off SCR’s) as the switching devices. Filter means are
connected across the input and output terminals. By syn-
chronously rendering conductive one switching device
in each of the primary and secondary side circuits, and
alternately rendering conductive another device in each
switching circujt, 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.

y ElectronicTransformer {; =f,)

1968!

Filed April 16,

Inverntor.
Witlam MeMurray:

y/'/?iﬂs Aiito ey

y AC or DC Voltage Regulation & Current Regulation / Limitation / Interruption

ETH:ziurich

[McMurray1968]

1 e
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3 Electronic Transformer

t-a‘?;‘ . 7 N
Yy InverseParalleledPairs of Turoff Switches - BV TN
Yy 50% Duty Cycle of Input and Output Stage 84@ §§ N ; ' ?
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e Figdw i /H’/ |
A .’§ Bl J

B L]
LR
{,

(A5PRASE SHFT - LEADING)  (45* PHASE SHIF T-LAG6ING)

g9
ﬁg4(e}§ ﬁjw [ ’- ﬂ/l\
y f,=f, NotControllable (!) § U { [ l IJ H\JJV
y Voltage Adjustment by Phase Shift Control (!) ' L

[McMurray1968]

. 2e//Cc26l6
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3 What is a Soliebtate TransformerdS)?

y' Power Electronics Interface
y Medium Voltag€onnection

y Medium Frequendgolation Stage 0
y' Communication Link % HV 1
y /0O Quantities =
o =
= -
a DC/DC B 2=
o AG/AG, LVy
o AG/A T e S S a e
WAG, 50Hz 1 10 100 1000 kHz
o —_—
a 1ph, 3ph, vart, etc LF HE
a MV/LV, MV/MV Isolation Stage Frequency
y Terminology McMurray  Electronic Transformer (1968)
Brooks Solid State Transformer (SST, 1980)
EPRI Intelligent Universal Transformer (IUT)
ABB Power Electronics Transformer (PET)
Borojevic Energy Control Center (ECC)
Wang Energy Router
efc. [Brooks1980]
ETHzurich 12e//c2ils

ECCEASIA
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3 ExampléSST Systera THMEGAIINKSST Concept

MV Connection
Yy Specifications
multilevel output

o
o 1 MVA ok o
a 10 kV AC to 800 V DC and 400 V AC RST ‘“m \_/_./,,4*
a 1700V IGBTs on MV Side ﬁTﬁ/LF /converter cell
s s Iy -
2RI | RG] | (G aEE e
Gl TREGEEG] GEGEE G
MF IsolatioK v 3] 4 :ﬂ%ﬂ?"iﬂ :*@Eﬂ?"iﬁ%
WRFREEIE ] [ EIEG] ] ElE
oL L | I o || T e
y’ Commonly Envisioned Features IJ@E{;E/"H@ ||l rﬁlf‘%}"gﬁ
NMV
a Voltage Scaling & Galvdsal. MV phase stack
a Power Flow Control ) e A =
o Reactive Power Compensation -+ |/ mts 5 .
a Fault Current Limiting [es WMWW%
a DC Interface L x o
o T A
500 kVA LV converters

800 VDC ———  DChus

L IP2/4/C3616
ETH:zlrich ECCEASIA
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3 The SolieState Transformer Hype

y Evolution of # of SST Publicatiofsr Year:

700
)

X X X X O 1 N MO g U OIS~ OO0 O 1 AN M N N
O I~ 00 O O O O O O O O O O O ™ ™ ™ v =
O Oy OO O O O O O O O O O O O O O O O O O
L B e I L e B oV B oV B o N NN o VN o NN o VI o NN o N NN o N INNN o N I o N BN o N IR o VAN 4V N o YN oY
Google Scholar Hits for Querpl{t+state transformer”) OR (“electronic transformer") OR (“Intelligent Universal Transformer") OR ("Power Electronic

Transformer") OR ("Power Electronics Transformer")

y How To Keep An Overview?

a |dentify Origin and Evolution of Key Concepts
a Narrow Down Feasible Solutions by Identifying Core Requirements, e.g., Modularity

. I2e/Cc2616
ETH:zlrich el
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Traction Weight& Volume
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3 Classical Locomotives (1)

[ T T 1T 71T 17 717 T 1|

15 kV 1ph

y Catenary/oltage 15kV or 25kV
y Frequency 167/ ; or 50Hz ) .

y Power Level 1plo0typv 1;7;2 AC DC
5 oc | [T | /acF

y IsolatedAC/D@onversion (!)

y Volume & Weight Constraints
1 kV 3ph

Img.: www.elprocus.com
Laco Coollng Fans Circuit

Img: www.abb.com

CompreSSDr Wi R?c‘tifier Breaker Pantograph
Bettery, * 2 . ul
| CiC_Link
Mt Ellowers EC) Main
Irvetter
(@ [ .\ | I— 3 -
uxmary . 1
Rec‘tmer usciliary RN Transformer Sxde Brush 3P hase AC Matars
. 4 3P hase AC Motors Inverter To other 3-phase
i Main Transformer 4C motors

~———

. I2e/C2EI6
ETHzurich el



1L I Power Electronic Systems
1"'= Laboratory

3 Classical Locomotives (2)

y Catenary/oltage 15kV or 25kV
y Frequency 167/ ; or 50Hz
y Power Level 1pulO0tviwv

y IsolatedAC/D@onversion (!)
y Volume & Weight Constraints

5

y Traction Transformer 0

Img.: www.abb.com

ETH:zurich
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[ T T 1T 71T 17 717 T 1|
15 KV 1ph
=== N
1 16.7 Hz |
! l,l i]AC /[T |DC
1 WR || /pc| T | /acH
1 ]
N —— J
<O> 1 kV 3ph

~

v

" K I'Ll'l' M i HoQ

~

Volume/Weight Reduction By Increasihg,

Efficiency 90...95%
Current Density 6 A/mn?
Power Density 2 u 4

(99% Typ. for Distr. Transf.)
(2A/mn# Typ for Distr. Transf.)
kg/ kVA
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3 Next Generation Traction Systems

ylt¥%s Getting Tougher!

a Distributed Propulsion © Volume Constraints (Space for Add. Seats)

a LowFloorVehicles O Weight Constraints (Roof Mounting

a HighSpeed Trains © Weight Constraints (Higher Power at Same Maxe Loadimit)
a Impr. Energy Efficiency © Los<Constraints (No Further Increase 3y etc.)

y What Degrees of Freedom Are Left?

5 L )
 Ralelineall 5 \174k IKVA @16.6H
. Z |
. g/K ﬁ Factor 1/10 ("
i [ 0. 17kg/kVA @400Hz
RN a ?
i . N
14 - \ —
0 e ; ==
0 100 200 300 400 500 Hz 600
' Victor2005
Frequency as DOF to Reduce Weight & Volume! [Victor2005]
[Hazeltine1923]
ETH:irich

ECCEASI ﬁ
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3 Next Generation Locomotives

y LosDistribution of Conventional & Next Generation Locomotives

LFT
A
‘B AC L DC 4
i + M 9 —LV DC/AC
il —r- 3¢ o
t DC AC — ~

SST

DC M —LV MFAC/DC
i ( 3¢ —Transformer
AC MV DC/MFAC
> MV AC/DC
Traction AC/DC

no

AC AC
W
AC DC

gl

y Mediunfreq.Provides Degree of FreedomllowsLoss Reduction AND Volume Reduction

ETH:zlrich PCeEasis
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Smart Grid Controllability

. I2e/Cc2616
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3 Advanced (High Power Quality) G@idncept

y Heineman2001)

Small Distribuced
Generation Units

__________

Small Distributed
Generation Units
—————————————————————— .
] DC Loads
LY DC-Link - 1 {option)
HV-Feoder [ =
. ' N |
) | |
| He=—o -
U J= I Procected
S
L 1 AC Loads
[ ! = ..E..JI_
] - -
! | Distributed Storage /- J Normal AC
; | e Fiywheel ) ] Loads Office Buildings, Banks, Malls,
, | % = . Hospitals, indusrry. ...

! Secondary Substation with MV/LV Power
Electronics Transformer

| Conventional Secon-
I dary Substation
1

Yy MVAC Distribution with DC Subsystems (LV and &nd)Large Number of Distributed Resources
Yy MFAC/AC Conv. with DC Link Couplatetgy Storagegrovide High Power Qual. for Spec.
Customers

[Heinemann2001]

L IP2/4/C3616
ETH:zlrich ECCEASIA
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3 Smart Grid Concept
y Boroyevicli2010)

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

Distr. Syst. of Contr. Conv. Interfaces
Source / Load / Poweistrib Conv.
PicogridNanogidMicrogridGrid Structure
SubgridSeen as SinglElectr Load/Source
ECCs providgyn Decoupling
SubgridDispatchabley Grid Utility Operator
Integr. of Ren. Energy Sources

oo ooooaQg

y ECC = Energy Control Center

Energy Routers

Continuou8idir. Power Flow Control
Enable Hierarchical Distr. Grid Control
Load / Source / Data Aggregation

Up and Downstrea@ommunic
Intentional / Unintentional Islanding
for Up or Downstream Protection

a etc.

oo oo oo

ETH:ziurich
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HYDRO

HYDRO

NUCLEAR W LARGE-SCALE POWER PLANTS e P

COMBUSTION Fﬁj rl“"% COMBUSTION
Qf; HYDC Qﬁl
i ===  TRANSMISSION  ——1 M
HVAC \él | ’ I \!I HYAC
TRANSMISSION ) (1) TRANSMISSION
%% _ ECC _ ECC =

[

s | \
)
&[] -
i -
% PY WIND PHEY ‘r PY me PHEY
) o) o) 0]
|\ \a-1| =2 s By Bz
"TAC DISTRIEUTION AC DISTRIBUTION
a— £
EIZH| ccc = nECC
. HOUSEROLD HOUSEHOLD
g l o
pEcc e pEcc
CONSUMER CONSUMER
ELECTRONICS| ELECTRONICS
PHEY LOADS PHEV LOADS
AC nanoGRID DC nanoGRID
T -
!

[BoroyevichZOlO]
iPe//ce

ECCE ASI
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3 Future Ren. Hectric EnergyDelivery &Management (FREEDM) System

y Huanget al. (2008)

y SST as Enabling Technology fotten er gy | nt er net »
IFM=Intellig. Fault

o Integr. of DER (Distr. Energy Res.) =3 Management
a Integr. of DES (Distr-&orage) +ntellig. Loads % ©
a Enable®istrib Intellig. through COMM U\
o Ensureéstability & OptOperation . | + |
3 = = Q
<|_ = L J>
jw) (]
2 w0 = &
w 7p]
12 kV AC Bus §|_ - @ _|8
u p—
IFM| 1 {IFM < g - E >
o I I S
L] ® ® [ ]
COMM L 1 e o * o
[ ] ® ® [ ]
SST 3 L l Q
400V DC Bus —T—T— | 120V AC Bus Zl_ 2t — 2 J§
1 T 9 — Q
o w = -~
w 2]
ﬁﬁ... OOOﬁ sl_ _! (D _|8
2 %2 3 FR S 5
g2 3 g 3 S 2 & Z
2o %) %) %) o g
n a < e [ |

a Bidirectional Flow of Power & Informatididigh BandwComm. Distrib / LocalAutonomCirl.
[Huang2009Huang201]1 Figs.: [Falcones2010]

L IP2/4/C3616
ETH:zlrich ECCEASIA
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3 SST Functionalities

y ProtectsLoad from Power Systdmsturbance

o VoltageHarmonics / Sag Compensation
a Qutage&Compensation

o LoadVoltage Regulation (Load Transients, Harmoni H+ '-_é
. o] L A
y Protects Power System from Load Disturbance u AC ¥
1 l l 2
a Unitylnp. Power Factor Under Reactive Load fi AC 5y
a SinusInp. Curr for Distorted / Notin. Load x| T °N
o Symmetrizesoad to the Mains ‘H
o Protectioragainst Overload & Output Short Circ Comm.
y FurtherCharacteristics ¢_+|'__§
(1, O AC T o A
o Operatesn Distribution Voltage Level (M\W) U u,*
o Integrates=nergy Storage (Energy Buffer) fi b o— —— D f*
a DCPort for DER Connection ¢ o—i ACL | C
o MediumFrequencysolation LowWeight / Volume |
o Definabl®utput Frequen¢y-ph. AC, $h. AC, DC) H' N
o HighEfficiency Comm.
o NoFire Hazard Contamination
o Supervisory Control / Status Monitoring Interface
ETHzurich IPe/ca6le

ECCEASIA
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3 CEfficiencyChal | enge» (Qualitative)

n A
Q
wv)
§ SST
— LV DC/AC
LFT
Q\ SST
1 —LV MFAC/DC
LFT —Transformer
] MV DC/MFAC
—MV AC/DC
AC/AC AC/DC

y SSTs in Grid Application® Skepti c%s Vi ew

a Efficiencyof LFT for AC/AC Very Hard To Attain

a Weight/Volume Typically Not an Issue In
Stationary Grid Applications

a Robustness, Reliability?

a Cost?

ETH:zlrich el
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3 Isolated DEDC Applications

| LVDC
\::3:_‘7 offshore platform
\ ' MVDC HVDC

il ) offshore platform ) y. Exam pIeS

I.‘ . e % _\I\'Iz(.f- r ||)(‘ . % HVDC

Ueeaien : : o In-Building D®icrogrids

j:r : - | o DC Collectid@ridgWind, PV)
;‘ | A fic [Stieneker2014] o Future DGridgn General
GIP_‘_ s A(D(

‘Gearbox

y DC Systems With Galvanic Separation Requifersaidded DOC Conversion = SST!
y Not Limited to MV Connection (Overlap With PSUS)

L\MVDC

M\DCO_ Y ;

S AC /—°
A

DC —o

y Transformer Operating Frequency
Can Bé-reely Chosen!

ETH:zlrich el
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11 Key(Challenges
of SST Design

. Handling of Medium Voltage
Topology Selection

Reliability

MF Isolated Power Converters
MF Transformer Design
Isolation Coordination

EMI

Protection

. Control

10. Construction of Modular Conv.
11. Testing of MV Converters

©COoONSORWNE

. I2e/Cc2616
ETH:zlrich el
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Handling of
Medium Voltage

Multi-Cell Approaches
Optimum Blocking Voltage
SingleCell Approaches
Outlook

ETH:zurich mléﬁ



1L I Power Electronic Systems
1"'= Laboratory

3 Interfacing Medium Voltage With Power Electronics

y Limited Blocking Voltages of Available Semiconductors

a 6.5kV  for Si IGBTs
a 10-15kV for SIGFETsHrototypeDevices Only)

y Feasible Blocking Voltage Utilization: @niy0%(Cosmic Ray Induced Failures)

] 10

y 9

» Y A Single Device Is Often o 8

] Not Sufficient! g7

v 6

a)

Phase ﬂ‘ L 6 5

+ 5

“ 3

] 2

1

1 0
| 0 5 10 15 20 25

Grid Voltage (kV)

Mod. Index.: 0.8

32/198

Blocking Voltage Utilization: 0.66

ETH:ziurich

12,e//cenle
ECCEASIA
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(1) 3,581,212

{54] FAST RESPONSE STEPPED-WAVE SWITCHING /rventor:

POWER CONVERTER CIRCUIT

[72] Inventor William McMurray
Schenectady, N.Y.

[21] Appl.No. 846,354

(22] Filed  July 31,._ 1969.

[45] Patented May 25,

[73] Assignee General Electric Company

pm
-‘z-‘—’f 8n L0n
25n 12 22n tn V.2
' /5y
9n i
X
{ —
' i
i !
— {
éa
/ba R
4-’.23 Ha
Zia B2
2
93 "
&7
e L
25

ETH:ziurich

Wotlram McMyrray;

YH%.; A@to ey

y Cascading of Converter Cells
y Multilevel Output Voltage

PHASE ANSLE 8

[McMurray1969]

1IPe/cekle
ECCEASIA
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3 Cascaded Converter Cells Instead of Direct Series Connection

y Direct Series Connectiomisoptimal

a Voltage Sharing (Static and Dynamic) a ModularityRedundancy
a Multilevel Output Voltage Waveform
f<® 1/N..7 for Same Filter Inductor

a Switching Synchronization
a No Add. Benefit of Multiple Switches

L
Phase o—-F—

y" Added Value: Multiple Convertéells

Tl o :,\1/

Neutral

ETH:ziurich
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Optimum Blocking Voltage
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3 BasicTradeOffs: Conduction Losses  »—=
Yy More Cells, More Series Voltage D6BI % ‘ —
i ==1vu;
S A |
Q Pconde n ——
—l 1 e
S |
B i’
=
-g T ==1V(.:
8 Newald

Neell

y RealityVoltage Drop Increases with Blocking Voltage Due to Larger Drift Region

4

R? =0.876 Emitter =
3 b S SRS R S| I R [ \
— C—— -
= oL HM/ I? ] S
o P*
1 Epitaxial
Foovrer @i I drift reaion 1 I
p e Drift Region
‘ : f | P
0 2000 4000 6000 Img.: wikipedia.org (5 Collector

Vs [V]

ETH:zlrich BCOERSTE



ED Dboratory e ystems 37/198

3 BasicTradeOffs: SwitchingLosses

y For Equal Current Ripple in Equal Filter Inductors &
8
a Switching Frequency (per Cell): fg 8 1/r? - P. 6 1/n2 (')
o Cell DC Voltage: Vb Un £ i
a But: Number of Cells: ® n =
=
(%]

Neell
y  Switching Loss Modeling (Qualitative)

15 dv/dt
\Vee
>dv/dt __Z&,

: ¢ Normalized IGBT T@ff Energies

é I,
: 0.9
B 5 0.8
1 h — 0.7
1 :§ 4.5 KV
- qt—)- 'E'E 0.5
£ S £ £ &E 0.4 1200V
sw sw sw w03
/ / / 0.2
- — e — — - — — e 01
o Assumed “ Rea“ty %1 0z 03 04 05 06 07 08 09 1
PSWe 1/n2 ug IT/ICHOFH

ETH:zlrich el
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3 LossOptimal Blocking/oltageChoice
y For Equal Current Ripplé&ipual Filter Inductors

a 10kVGrid Voltagem Therds an Optimum Blocking Voltage

20 . .
y" Optimum Blocking Voltage
15_,,'DSW—,,V1,/,I72\,, ,,,,,
iy Pcond~ n ﬁ
T 10F . B
= 1200V 1700V total losses y Optimum Number of Cascaded Cells
5 -
0 L =i -—-"-i.’ 1 4 }
0 1000 2000 3000 4000 5000 6000 7000
Vg [V]
o OtherGrid Voltages
7000 T — _ : ;
5000 LIy it
= ERERRH 23,
5 :ggg i 25KV
= 1 1700V«
600V AR ' i P
LT . [ n
10° 104 10° 10°
Vi [V]
. I2e/Cc2616
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3 Optimal (Efficiency & Power Deng)tBlocking Voltage (1)

y Volume as ® DimensionVVarying Also the Filter Inductance!
Le Le

Phaseo- """"""" e
1 S l

G v | |

e |

............

L G < ] ]

Neutral Neutral

Yy Modeling of Component Losses and Volumes (Inductor, Heatsinks, Cagacieis)

ETH:zlrich BCOERSTE
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3 Optimal (Efficiency & Power Deng)tBlocking Voltage (2)

y Volume as ® DimensionVVarying Also the Filter Inductance!

y' Component Losses and Volumes (Inductor, Heatsinks,

Capacitors(>BTetc.)
100 100 :
Rectifier Inverter
%9 “‘\ ' RN % “\_ N m
— o = o
= 98 \ R 98f \\ s
< : ""’ < : 'l.'"'
l' '-I:fr 3 t"?‘-
97 : 97 T
I e ' .15-
.- Lo e ' S
96 . 96 -
1 2 3 4 5 6 1 2 3 4 5 6
p [kw/1] p [kw/1]

— 600V (29) |— 1700V (11)] 3300 V (6) 6500 V (3)
—— 1200V (15) —— 4500V (4)

Y Caution:Minimum Filter Inductance MighOedined By
ApplicatiorDependen®rotection Considerations

Further ReadingeTH / [Huber2013b]

. I2e/c2616
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3 Enter Silicon Carbide: Si vs. WEBBBZ(GaN Semiconductors

BV
P We = 2
Ecrit
Amount of semiconductor y Specific Otate Resistance
) material needed to
Si isolate10,000V P 4| Blocking Voltage
on,sp —
: Critical Electric Field
GaN SiC g
Diamon o .
[:] —ey y E.in SiCca. 9x Larger Than in Si
sion | gilmaseide  galumnitide  sikoncride damond y LowerR,, s, For Given Blocking Voltage

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

Img.: Chow, 2015.

Unipolar Si Limit
300mmen?__g —— CR
gz o0 . Unipolar 4FBiC Limit
g 10
i N
o 1 . . . . -
0.6mment 3 o "~ Bipolar Si (!) Limit
” . / * But: BipolaP Sw. Losses!
01 ¥
10 100 1000 10000
Breakdown Voltage (V)
®si HSis) IGBT ®SiC A GaNHFET Y IR GaN
ETH:zurich IPeMcEEI6
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3 Example: AIGICTraction Inverter
Yy Mitsubishi AlBiCTraction Inverter (2014)

a 3.3kV/1.5kASiCModules in ABiCTraction
Inverter

o 65% Reduction of Size and Weight [kW]

o 55% Loss Reduction 5000
2000 High speed

rail

1000]
3.3kV/1500 A

500 Full-SiC power module

200 1.7 kV/1200 A

100 @ Hybrid-SiC power module

_~ Img M.FuruhastiMitsubishi, 2015
750 1500 3000
| AmEEEH o014
L Changes for the Betver Rated voltage for power device [V]
. 12e/cei6l6
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3 Optimal (Efficiency & Power Deng)t8locking Voltage witlsiC

y 1200Vand1700VSiC-EPower Modules for Comparison

Wolfspeed 1200V/an¢

: @96

ol
! & i)
i
g— e

ETH:ziurich

B

100 p 100 SC T
| L 1 h
S| ~——r [ ) Si )
99 b "-“ 99 . i \ ..'.": 1
g 98 L. ;'.' ,,,,,,,,,,,, g 98 .... ::" '1,:
S J <
97 : 97
/' Rectifier Inverter
96 : : 96 :
1 2 3 4 5 6 1 2 3 4 5 6
p [kW/1] p [kw/1]
—— Si 1200V/300A —— SiC 1200V/120A —— SiC 1700V/300A
—— Si 1700V/300A SiC 1200V/300A

y Caution:Minimum Filter Inductance MightOedined By
ApplicatiorDependen®rotection Considerations

y SiIGBT SiCTransitionYields Significant Benefits!

Further ReadingeTH / [Huber2013b]

1IPe/cekle
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3 EnterHVSIiCPower Semiconductors

Img.: Chow, 2015.

y E.in SiCca. 9x Larger Than in Si 1000
y LowemR,, ,,For Given Blockiiwpltage

100

y Or: Higher Blocking Voltage for Givep s,

Specific On-Resistance (m0hm-cm?)
=

0.1 7
10 100 1000 10000
Breakdown Voltage (V)
s ESisJ IGBT ®SiC A GaNHFET ¥ IR GaN
y 1 0 p 1 BritddypeDevices Are Available y Challenging HVackaging
\
\
15kV/80A Package
10kVSICMOSFET (Wolfspeed)
(Wolfspeed)
ETH:irich IP2/4/C3616
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3 SingleCell Approach: The Positive Aspects

13.8kVGrid %

15kVSiOh 38
i<

800V FREED

systemscenter

_(T}.(I}G [Tripathi2012]

StRtLL

y Standard Inverter Topologies Can Be Employed <2 o\ | Assumptions:

(TwelLevel, Threkevel) = 50 u=0.7,M=0.9
y' Comparablyow System Complexity %

15
y ThreePhasdnverter Stage f'; 10 NO,Le\le\
ConstanfPower Flow In Isolation Stage (!) & @/
s >0q 2L + 10k'BiC

Yy Max. Feasible Grid Voltages Limited By , 20 O 4.16kV Max.

Blocking Voltages © 10 15 20 25

Blocking Voltage (kV)

e . IP2/CceiElb
ETH:zlrich ,
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3 SingleCellApproach: Th€hallenging Aspects

Yy Low Number of LevelsRemembef;® 1/n?
y High Switching Frequency and/or Large Filter Inductor

/15 KV SIC devices Vetram - Vie(t) dve y°eVirtual » Detyices
s ‘||{ 5] g, T dt (and thusdi/ dt anddV d)
dt '"IC,Nom
ie(t) j/ Aty/2 L
Coc= llo kv L N/ — y Pareto Optimization for Fwo
T £ Level, Singi¥hase (!) System
524@02 54'“<%D4 p(t) Eon
Iy $ o . iy
. y Very Fast Switching Transitions
—ZMV/ s, 20kA/ps ; ; '
1 ) ) Required
99 I 200kV/pss, 2kA/us — m i ' i
< 100kV/ps, 1kA/ps ~~ o H!ghd}/ dt © CM Disturbances
= | | a Highdi/dt © Overvoltages
97} 2 L ] Further ReadingETH / [Huber2013b]
96 .
1 2 3 4 5 6
p [kw/1]
y Implementation aRedundancy?
. 1Pe//cerl6
ETHziirich =
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3 Outlook: SingleCell vs. MultiCell

y Strategies for Handling Medium Voltage Connection

a MultrCell Approach  + LV DevicesjultileveMWaveform$&edundangy ©° Di Imperde et
- Complexity, Phaséodular Topologies

a SingleCell Approach +  Simplification of Converter StructureseePhase Topologies
- Max. Grid Volt. Limited, /3Lw. Fast Switching Trans.

y' The Best of Both Worlds?

o FEWERSells Approach Higher DC Voltage per Cell ™ [ — - & %
Less Cellspwer Complexity 12 ., ,vsicmosrerl— 22
Multilevel Waveforms j v
Redundancy 2 | s
g4 T N 2
=8 I A 14 &
g 6 ] J‘_, I- \ 10 g
5 g
=z ] =
y Suitable Choice Depends on Application Voltage and  * [ ]
Power Levels 5 ) :-:fogzlrg:onents
] - Gate Drivers
. L . . oLt | 5 |- Passive
y Careful Choice/Optimization of Blocking Voltage for 0 10 20 30 4o | Fmeements
Mult-Cell Systems System Bus Voltage (KV) materials

Img [Passmore2015]
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Ghallengdt 2/11
Topology Selection

Partitioning of AC/AC PowEéonv.
Partial or Full Phase Modularity
Classification of SST Topologies

Conclusion: Main SST Topologies

. I2e/Cc2616
ETH:zlrich el
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3 Partitioning of the AC/AC Power Conversion

y 15t Degree of Freedoof Topology Selection
Partitioning of the AC/AC Power Conversion

o]

DCLink Based Topologies
Direct/Indirect Matrix Converters
Hybrid Combinations

o g

o]

1-Stage MatriXype Topologies

o]

2-Stage with LV DC L{llonnection of Energy Storage)

o]

o]

3-Stage Power Conversion with MV and LV DC Link

ETH:ziurich

2-Stage with MV DC Link (Connection to HVYDC System).

{

[

51/198
AC ] [ AC °
- " L]
Il —
I
AC pobL o
_
AC ] [ AC — (pc /T
L] " L]
Il o
Il
AC pobl 14/ Ac L
— -
AC ] [ AC I DC —
‘nn* +
Il o
1 -
AC DC AC k.,
=
AC DC ] [ AC °
L] " L]
M —_—
1
Dol |/ AC AL
— .
Ac /T pc ][‘4(’ —pc /T
‘q
1l —
Il
Dc AC D AC L,
———
Ac /T | b AC I Dc /ST
‘nm’ +
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el |/ A0 DC l AC L
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A I D¢ ][A(" °
+ M ]
1l —
= Il
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3 Partitioning of the AC/AC Power Conversion

y 15t Degree of Freedoof Topology Selection
Partitioning of the AC/AC Power Conversion

o DCLink Based Topologies
a Direct/Indirect Matrix Converters
a Hybrid Combinations

o 1-Stage MatriXype Topologies

a 2-Stage with LV DC L{slonnection of Energy Stora

r
r

L

1
-

a 3-Stage Power Conversion with MV and LV D
O Requires HV Devices (!)

L

g | I e g

.

e TT i e TT

T | T

r

L[

I
n
n
Nl
)
o
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3 Partial or Full Phase Modularity

y 2"d Degree of Freedoof Topology Selection
Partial or FullPhase Modularity

o PhaseModularityof ElectricCircuit
o PhaseéModularityof MagneticCircuit

¢ PhasdntegratedSST

— 4 /T .— o S
o/ AC AC L,
— | — ) o
AC AC
o— - — o —o
—
o—/ AC | —mm L AC -
ETH:ziurich
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| Ac /[
o— - —
o—/ AC L
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3 Partial or Full PhasBlodularity: Examples

y 2"d Degree of Freedoof Topology Selection
Partial or Full Phasklodularity

a Example ofhreePhase IntegratgdAatrix) a Example dPartly Phas®odulaSST
Converter &8MagnPhaseéModular Transf.

[ 2z

erapee
LESSEs _ @E@T@@i i

) 253

o
a

N

Yy Steimel(2002)

) Iﬂ?};} | _@_EE;_ E [Wrede2002]
y Enjeti(1997)
[Kang1999]
I2e/Cc2616
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3 Partitioning of SinglePhaseAC/DC PFC Functionality

Y Required Functionality °|—_:1<' i _40:
o FE Folding of the AC Voltage IntpA&C| Voltage o_l_“lC' AC e il MT
o CSInput QurrentShaping o - - i
o |: Galvanitsolation & VVoltage Scaling [— — i

o VR OutputvoltageRegulation One Phase of Phddedular 3pi&ST
O SinglePhase System!

y Isolated PFC Task Partitioning Variants

o— : : * i +—o°
Isolated Back End ) o ] AC_| FICiW[==]TI7W =, DC
O Broadly Analyzed and
Employed in SSTs ol . : o — —o
AT Fics WIELI =" nc
Fully Integrated  AC - Ficsi 171 WR =L nc
Isolated Front EndIEE) o AC: F g//I/ CS VR EDC

O Less Common Alternative I

. IP2/CceiElb
ETH:zlrich
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3 Examples of MukCell AC/DC SST Topologies

y IsolatedBackEnd (IBE)

AT FicesiwIEF]T]

i ~ sin’(t)

[Steiner1998], [Steiner2000]
[Dujic2013], [Zhao2014]

Paper @ ECCE AdiaE. Huber, D. Rothmu
and J. @dmpakatve Bvalyatiof o
Isolated Front End and Isolated Back En
Multi-Cell SSPs.

y IsolatedFrontEnd (IFE)

AC | F i1 [ ] w[ED

[Weiss1985], [Han2014], '
[Kolar2016], [Huber2016a] ‘ —

. =e/ce6l6
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Classification of SST Topologies
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3 Classification of SST Topologies

o o
Y W i o
VW J
o o

i Enjeti(2012)
[Krishnamoorthy2012]
y Very (') Large Number of Possible Topologies
y Partitioning of Power Conversion O Matrix & DCink Topologies
y Splitting of 3ph. System into Individual Phases O Phase Modularity

y Splitting of Medium Voltage into Lower Partial Voltages  © MultiLevel/Cell Approaches
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