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History of Transformers

Low Frequency and
SolidState Transformers
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3 The SolieState Transformer Hype

y Evolution of # of SST Publicatiofsr Year:
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y How To Keep An Overview?

o |dentify Origin and Evolution of Key Concepts
a Narrow Down Feasible Solutions by Identifying Core Requirements, e.g., Modularity
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3 Classicalransformer (XFMR) 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,

L ¢42
Patented Sept. 21, 1886, No. 349,611,

Sh

s e
— C...xE
10g-

y 1885 Stanley (&Westinghouse) © EaswWanufactXFMR §1Full AC Distr. Syst.)
[Stanley1886]
ETHzirich APRE O
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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, d’ o u ,«h
Application filed January 8, 1890, Sexial No. 336,290 (No model.) /IUM_, cﬁ,’,,ﬁgy

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

[Dobrovolski1890]

ETH ziirich APRG
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1L I Power Electronic Systems

Laboratory

y Isolated Medium Frequentink DC/AC Converter

Patented Feh. 19, 1829,

UNITED STATES PATENT OFFICE

1,702,402

LOUIS A. HA?FITINF OF HOBOKEN NEW JEESEY

. METHOD AND APPARATUS FOR CONWETING ELEGTRIC PO“"ER

0r1|_,m.11 appllcahan filed July & m erial No. 649, "36 and in Great’ Britain Iuly 4 1924,
‘this app! filed January 20, 1927 Serml ‘No. 162‘337 o

I claim:

1923 I

1...A_ system for operatmcr an alter nating-
current motor from a source of direct-cur-
rent power, which comprises a cascade elec-

trostatically

controlled

~valve

conveirtoer

which converts the  direct-current power
first into high-frequency power and then
mto low -fxeqnencv polyphase power for sup-

ply to the motor,
control  conunutators for
verter. a sef of hrushes for each of
mutators, and means for driving one set of
by uahcs relatively fo the other, ‘the relative
mcuon determining the frequency supplied

“the maotor.

ETH:ziurich
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3 ValveControlled MF Transformer Link DC/AC Converter
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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. Cl. 321—60 14 Claims

1968!

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits Inventor.
have a high frequency transformer link whose windings Witlam MeMurray:
are connected respectively to the load and to a D-C or Filed April 16, ‘ ' E7ntn . C )
low frequency A-C source through inverter configuration ' - . _ y/-;i; A’itoﬁﬁe Ve
switching circuits employing inverse-parallel pairs of con- F' / /a .
trofled turn-off switches (such as transistors or gate turn- o *

off SCR’s) as the switching devices. Filter means are
connected across the input and output terminals. By syn-
chronously rendering conductive one switching device : —I—/J

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 ("H'[‘

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 l

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

y ElectronicTransformer {; =f,)
y" AC or DC Voltage Regulation & Current Regulation / Limitation / Interruption

[McMurray1968]
ETH ziirich Appe
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3 Electronic Transformer

Y InverseParalleledPairs of Turroff Switches - |
y 50% Duty Cycle of Input and Output Stage 84

SUPPLY +LOAD VOLTAGE

(04180 PBASE SHIFT)
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- QUTPUT VOLTAGE :
(90° PHASE SHFT) .

B —
l’
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[McMurray1968]
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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS AND CONTROL INSTRUMENTATION VOL. IECI-17, NO. 3, MAY 1970 1970 (!)

A Method of Resonant Current Pulse Modulation

g for Power Converters
% ‘ -
B
£l M FRANCIS C. SCHWARZ, SENIOR MEMBER, IEEE Thyristotbased
— Resonant Tank | cn,|| /\b\ f
L) N i T Anie i T Wt el Yo
I
1 £ _] s
W2 A—p————p Te T 77 AN = 3
F s 1 = G
o *mloz / l T v ,/
5 7 12 /
cmin = ey e s e et e g e e Z _________ /
¥xa — Fig.4. Alternative simplified schematic of a controllable and load-
1nsensitive series capacitor dc converter with transfer of inductive
¢ energy to the load.
: Tok T g+ —
“Yxa | : ]
1, -._I'_L ‘ R br.

12), Ty/2 TS

i .

| .

5/ + £ Discontinuous Cenga t: N o
]I ductionMode (!) max  To/ \/

I

[Schwarz1970]
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 NO. 4, JULY/avcust 1971 | <€—— 19 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 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.

y Input / Output Isolation

y "Fixed" Voltage Transfer Ratio (!)
y Current Limitation Feature Fie 8. Tran ‘ _
y fff.(ZCS) Series Res. Converter % V/div: ogfilﬁll;‘r}wc?fﬁﬁ’---‘ilga%oi%grf&%f}iilggo ﬂs}rgﬁ?geﬂ

[McMurray1971]

ETHziirich APRIE
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IEEE TRANSACTIONS ON INDUSTRY AND GENERAL APPLICATIONS, VOL. IGA-7 NO. 4, JULY/avcust 1971 | <€—— 19 7 1 - 451

The Thyristor Electronic Transformer: a Power

Converter Using a High-Frequency Link

WILLIAM McMURRAY, SENIOR MEMBER, IEEE

Isolation Stage

Operating Frequency
1.2 +
1.0 m L ol T T e
=)
ohS 0.8
) 1IN
> 06 / N
E / / \ Q=2 Fig. 5. Double-bridge electronic transformer; arrows define positive
" 04 BN polarity of voltages and currents.
ju]
S
&=
= 02 7 \\_
= % Q=10 I s —
0 ‘ TS - SN

0
00 05 10 15 2.0

. w
Relative Frequency o

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

y Current Limitation Feature Fie 8 Tram . do1oad 10 A:; search-oail volt
. ig. ransformer waveforms, de loa search-coil voltage—
y fFfres (ZCS) Series Res. Converter 72 V/div; primary current—>50 A/div; time—20 us/div.

[McMurray1971]
APEC
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United States Patent [ [11]
DeDoncker et al, [45]

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

BRIDGES
[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 /
2%] 24>J 30>) 32J Io
28
A P
21 27 35
Wil A/ ” Vor2 [L0AD
36
B Q
23 25 1 Phase
N Transformer A . /33
L |
) MOS-Controlled
= Thyristor [MCT}
| T FIG. |

y SoftSwitching in a Certain Load Range

y Power Flow Control by Phase Shift between Primary & Secondary Voltage

ETH:ziurich
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Patent Number: 5,027,264
Date of Patent:  Jun. 25,1991] . 1991
A I ] | | | 1 |
! I |l 1 | | |
VAB ! 1 Il I
¢ | i i .1 87
: R
! H I |
Veg I | N
i g
1 { ) | | |
ol TIN L N
T
i I I l | | '
FIG. 2
[DeDoncker1989]
APEC
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United States Patent (111 3,581,212
[54] FAST RESPONSE STEPPED-WAVE SWITCHING winyenser:
POWER CONVERTER CIRCUIT by 'ﬁw,@'w
. s Attorney:
(72] Inventor William MeMurray
Schenectady, N.Y.

{21} Appl. No. 846,354 |
[22] Filed July 31, <1969
[45] Patented May 25,18 "
[73] Assignee General Electric Company

Vi)l
2 : «» Y Cascading of Converter Cells
25 13 20 4 Tz y' Multilevel Output Voltage

1. 285 ‘ _ 15n
I -
i o™ 57 A = Frg /
i Vi ' : <
1 l -—-—t——l——-——!l

: : QUTPUT ,v, A

VOITASE,
fa ] b e )
YV F] SN Y
fha e £ T [ eas st
253 Ha Z2a 4, 3% T pupse amie 6
Zia /52
B2 w3 <sa
A i
— .. 4
A cods |
5
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3 Terminology (1)

United States Patent 9
Brooks et al.

{11]
[45]

SOLID STATE REGULATED POWER
TRANSFORMER WITH WAVEFORM
CONDITIONING CAPABILITY

Inventors: James L. Brooks, Oxnard; Roger 1.
Staab, Camarillo, both of Calif;;
James C, Bowers; Harry A, Nienhaus,
both of Tampa, Fla.

[54]

(73]

[73] Assignee: The United States of America as
represented by the Secretary of the
Navy, Washington, D.C.

[21] Appl. No.: 188419 ‘ I

[22] Filed: Sep. 181980 | €— 1980 -

Record, IEEE Power El
Atlanta, Ga., USA, (16-20
Nienhaus & Bowers, “An
Filter”, PESC 78 Record,

Middlebrook et al, “A Ge .

Modelling Switching-Conv
'76 Record, pp. 18-31.

Primary Examiner—Willian
Attorney, Agent, or Firm—
St. Amand; W. C. Dauben

[571 ABST

OTHER PUBLICATIONS _
Bowers et al, “A Solid State Transformer”, PESC ’80

Yy No Isolation (!)

Yy° Tr ans f o DynddjustableiTurrts Ratio

ETH:ziurich
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4,347,474
Aug. 31, 1982
13-
lconvERTER ;; T ;’; - "E
\ ree
C/fo | [ vt : . i 25
5| \I\ 23 -\l'\\\-zsl E
| L L /8 : c 1
2 i E i 'I'\eai
[ —— e
1 1
H 39 i /_2
I ]
g T
38\ . /94 /% 36 _
i e S @ w0
Jz2.
40
45'-\\ AMPL. AGC 4
LIm CKT. 60 Ee REF
1 T 180° OUT OF PHASE | (.~
Fig. 1.
[Brooks1980]
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3 Terminology (2)

o] | A
u, l AC l u,*
f, i £
x° °N
Y
Comm
+ -—
McMurray  Electronic Transformer (1968) ¢_|'_¢
Brooks Solid State Transformer (SST, 1980) ao—— 40 ——o A .
EPRI Intelligent Universal Transformer (IUT) Uy Uy
. b o—— —o B o«
ABB Power Electronics Transformer (PET) fi AC J
Borojevic  Energy Control Center (ECC) C o —o (
Wang Energy Router pv —— N
ele. Comm
APEC

ETH:ziurich
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3 Classical Transformér Basics (2

Yy MagneticCoreMaterial
Yy WindingMaterial
y Insulation / Cooling

y" OperatingFrequency
y OperatingVoltage

y Voltage TransfdRatio
y Current TransfeRatio
y" Active PoweTransfer
Yy Reactive Powélrransfer
Yy 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 50/60Hz(El. Grid, Traction) &/ ;Hz(Traction)
g 10kMor 20kM 6 L3 5k V)

a 15kVor 20k\(Traction)

a 400V

a Fi xed

o Fixed

a Fixed (PC )P 4,
a Fixed (QC ,)Q
o Fifx=d,)

/i

B W e
N
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3 Classical Transformér Basics (3

y Scalingof Core Losses

o) AKBE

a a

y Scalingof Winding Losses
Img.: http:// www.hiec@lectric.com

C

0 8 0Y® —
lo
5 ol
a

y Higher Relative Volumes (Lower kVAYrllow to Achieve Higher Efficiencies

ETH:ziurich
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3 Classical Transformér Basics (3)

y Advantages

o o oo

Relatively Inexpensive
Highly Robust / Reliable i)

20/233

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

(=

y Weaknesses

oo ooooaQg

o]

o]

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

~

ConstructiovVolume: 0 0 = pe—————
o Qo 6 B
M Rated Power

k, M Window Utilization Factor (Insulation)
Brax M Flux Density Amplitude << <

Jms M Winding Current Density (Cooling)
f 1 Frequency

Low Frequency LargeWeight /Volume

ETH:ziurich
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3 Classical Transformér Basics (4)

y Advantages

a Highly Robust / Reliable

africancris
A \

is.org
.

ETH:ziurich
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SST Concept

Future Traction Applications

¢ .
Yuyang 123RF StodRhoto
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3 Classical Locomotives

y Catenaryoltage 15kV or 25kV [ T T 1T 11 1 1T T |

y Frequency 162/ , or 50Hz 15 1 1ph
y Power Level 1ul10 Kpv o

.I:l. AC i DC
i pc| [ | /AC

(‘o' ) 1 kV 3ph

Loca Cooling Fans Circutt
Compressar / hlain Rectifier Breaker Pantograph

4
Battery || [1 1T * [1 11

", hi | i
Motar Ellower\S\ EC) . I — InT:ritr;r
Sa Tt L
@ T 1 s
VAux]iliary \ _ \ / N
Rectifier  apdiiary Main Transformer AdeBrush  3-Phase AC Motors
Img.: www.abb.com 3-Phase AC Motors Inverter To i@i:gt'g:‘:se Img.: www.elprocus.com
y Transformer Efficiency 80...95 % (due toRestrVol., 99% typ. for Distr. Transf.)
CurrentDensity 6 A/mn? (2A/mn? typ. Distribution Transformer)

PowermDensity 2 1 &kg/kvVA

ETH:ziurich Alz’ﬁ(E:
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3 Development Vectors for Modern Traction Systems

y Distributed Propulsion © Volume Constraints
y LowFloorVehicles O Weight Constraint§Roof Mounting
y High-Speedlraction O Weight ConstraintgHigher Power at Same Maxe Loadimit)

y  Development Potential of Conventional Technolpgy LFT Limits:

is Exhausted
a Materials
a Cooling Technologies

y" Development Vector:
Higher Transformer Freq.

1

: | 1.74kg/kVA @ 16.6Hz= Facior 1/10 ()
} |

0.17kg/kVA @ 400Hz

\
Y

O

500 Hz 600

[Victor2005]

o
=3
I=3
S
n
(=3
S
w
(=3
t=3
5
I=3
S

ETH:ziurich

Further Volume/Weight Reduction

Lower Efficiency

y  Development Vector:

Integration

GTO
Converter

Filters
Capacitors

[Kratz1998]

IGBT
Converter

aonnana0noan

Integrated

Power Module

Integration of:
Cooling
Gate Drive

Integration of:

Totally Integrated
Power Converter

Integrated
Power Converter PG
IPC e
DDDD Integration of:
- Capacitors

(supercaps)

Circuits, Diodes
Control
Protection
Sensors
Comm. Bus
Interface

- Auxiliary Sup.

Capacitors
(partially)
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3 Next Generation Locomotives)(1

y Trends @ Di s t PropblsiobSgstem WeightReduction (pot. Decreases Eff.)

a Energ)Efficient RailVehicles LossReduction (would Req. Higher Vol.)
o Red of Mech. Stress ofirack MassReduction (pot. Decreases Eff.)
AC Catenary (15kV, 16%Hz or 25kV, 50Hz) AC Catenary (15kV, 1654Hz or 25kV, 50Hz)

VAR X AL e

. AleA DC AG:A AGr  AGrA DC
Rail Rail
Conventional AC-DC conversion with a line AC-DC conversion with medium frequency
Jrequency transformer (LFT). transformer (MFT).
Img: [Dujic2011]

y Replace Low Frequentynsformer bilediumFreq. MF) Power Electronics Transformer (PET)
y MediumFreq.Provides Degree &reedom AllowsLoss Reduction AND Volume Reduction
y El. Syst. of Next Gehocom (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid

Appl.

ETH ziirich APRG.
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3 Next Generation Locomotives (2)

y LossDistribution of Conventional & Next Generation Locomotives

J

Il =
ii[ AC l—Lr DC —< N
— 3¢
!i Dc L AC P, L,
AC/DC —
i| SP, b)
-— AC/DC
AC O [l O Ac ‘—L—T be M
“ —1—_ 3¢ Transformer —— 1 . ]
AC DC AC ransformer
b)
a) b)

y MediumFreq.Provides Degree of FreedonmAllowsLoss Reduction AND Volume Reduction

APEC
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SST Concept

Future Smart Grid Applications

Img.: http://www4.in.tum.de/lehre/seminare/SS12/sesgs

ETH:ziurich
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3 Advanced (High Power Quality) G@idncept

Yy Heinemanr(2001)

Small Distribuced

Generation Units
Set of Distributed Resaurces
g ; |~ )
.
:

______________________
HV-Feeder l | H=—
1 | N
[ e W i :
i MV AC Distrlsution | Fe=s—— =«
Ring B 4 I Prowected
N i = W —.—é | AC Loads
- [ T = )
, j = s
. = el
| ¥
| I | Distributed Storage /~ | Normal AC
: | | eg Flywheel ) L Office Buildings, Banks, Malls,
! 1 % = Hospitals, Inchustry....
' ' N
MvLy | /R L

Transformer!
eslormer, I Secandary Substation with MV/LY Power

! ! Electronics Transformer

h '
| ' Conventional Secon-
| J dary Substation

1

y MVAC Distribution with DC Subsystems (LV and atd)Large Number of Distributed Resources
y MFAC/AC Conv. with DC Link Couplett:toy Storaggrovide High Power Qual. for Spec.
Customers

[Heinemann2001]

ETHziirich APRIE



T P oy o Systems 29/233

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

Yy Huanget al. (2008)

y SST as Enabling Technology forttéen er gy | nter net »

IFM=Intellig. Fault
Management

o Integr. of DER (Distr. Energy Res.) =3
o Integr. of DES (Distr-&orage) +ntellig. Loads % |<D
a Enable®istrib Intellig. through COMM U\
o Ensuré&stability & OptOperation . | . |
3 = = 2
<|_ = L J>
9 &
olq w = e
w 7p]
12 kV AC Bus gI_ - = @ —|8
IFM| 1 {IFM < g - E >
\ o I T S
L] ® ® [ ]
COMM L 1 e o * o
[ ] ® ® [ ]
SST 3 L l Q
400V DC Bus [ | 120V AC Bus Zl_ 2 — - E Jg
| 34 o = HE
w 2]
oo oooIJj sl_ — w —|8
2 %2 3 T 3 < 5
g2 3 g 3 S 2 & Z
s O 0 Q o T T =
0 <C <C

a Bidirectional Flow of Power & Informatididigh BandwComm. Distrib / Local Autonomous
Cntrl [Huang2009, Huang2011]

. Figs: [Falcones20]0 -
ETH:zurich AP"_(_;
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3 Smart Grid Concept

y Boroyevicl{2010)

y Hierarchically Interconnected Hybrid Mix of e BT ARG ScaLE PoER PLANTS B S
AC and DC S@rids e T T g
— T'Tﬁ [ @ TRANSMISSION | r"r'i —
a Distr. Syst. of Contr. Conv. Interfaces TransMEsen |, ”_ ”_ J, TN
o Source / Load / PowBistrib Conv. I T T
a PicogridNanogidMicrogridGrid Structure [ ] )
o SubgridSeen as SinglElectr Load/Source 2| ..
a ECCs provid2yn Decoupling mr -
o SubgricDispatchablby Grid Utility Operator || . 7! LT Qg e ir " E,Lr“w'"[’ GG
o Integr. of Ren. Energy Sources " ‘@-I' '?' el | ‘Vl”
[ nECC T ] [ HECC T |
y ECC = Energy Control Center P e W'"iousmn
a Energy Routers g eee ‘,:AI P
a Continuous8idir. Power Flow Control _CONSURER Efggf;gﬁgs
o Enable Hierarchical Distr. Grid Control LoADS S Loaps
® Laad/sSouice tBaiagpggiegation
o Up and Downstrea@ommunic T — -
o Intentional / Unintentional Islanding ;
for Up or Downstream Protection l______________________GroO
a etc. _
[Boroyevich2010]

o
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3 SST Functionalities

y ProtectsLoad from Power Systesturbance

o VoltageHarmonics / Sag Compensation
a Qutage&Compensation

o LoadVoltage Regulation (Load Transients, Harmoni 4_+|,-_§
. o] oA
Yy 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 Tvlr
o Protectioragainst Overload & Output Short Circ Comm.
y FurtherCharacteristics ¢_+|'__§
(1, O AC T o A
a Operateon Distribution Voltage Level (MMV) Uy u,™
o Integrates=nergy Storage (Energy Buffer) fi b o— —— D f*
o DCPort for DER Connection - s— ACL C
g 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

ETH ziirich APRC
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3 SST Functionalities

y Protects Load from Power System Disturbance

o Voltage Harmonics / Sag Compensation
o QOutage Compensation
o Load Voltage Regulation (Load Transients, Harmonics)

Yy Protects Power System from Load Disturbance

Unitylnp. Power Factor Under Reactive Load
Sinuslnp. Curr for Distorted / Noitin. Load
Symmetrizes Load to the Mains

Protection against Overload & Output Short Circ.

o]
o]
o]
o]

T
<<

y Further Characteristics

Operates on Distribution Voltage Level {4V)
Integrates Energy Storage (Energy Buffer)

DC Port for DER Connection

Medium Frequency Isolation Low Weight / Volume
aie;;]ng?flieéig#ésut Frequencyplil AC, $h. AC, DC) _,,5,9""2 1 _,10 100 1990 K
No Fire Hazard / Contamination LF HF
Supervisory Control / Status Monitoring Interface

SST

Operating Voltage
LFT

PSU

—
<<

—/

oo oooooo

Isolation Stage Frequency
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3 Remark: AC/AC S&T Uninterruptible Power Supply

Yy Same Basic Functionality of SST and Double Conversion UPS
a High Quality of Load Power Supply
a Possible Ext. to Input Side Active Filtering
o Possible Ext. to Input Reactive Power Comp.

1
AC

Rectifier DCto AC
Inverter

= Battery

=

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

ETH:ziurich
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=l
[r(7)



1L I Power Electronic Systems
"= Laboratory Y

ETH:ziurich

13 Key(Challenges
of SST Design

©COoONSORWNE

Topology Selection

Power Semiconductors
Optimum Number of Levels
Reliability

MF Isolated Power Converters
MediurFreq. Transformer
Isolation Coordination

EMI

Protection

. Control &ommunication

. Competing Approaches

. Construction of Modular Conv.
. Testing

(
2
o



Ghallengdt 1/13
Topology Selection

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

ETH:ziurich
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3 Basic SST Structures (1)

y 15t Degree of Freedoof Topology Selection — g ple S
Partitioning of the AC/AC Power Conversion " ” ]ll[ e ”

o DCLink Based Topologies o }ll{ “/TV/LC

a Direct/Indirect Matrix Converters . ac L/ e L/ ac L

o Hybrid Combinations - _ —
| AC jﬂ{ AC I Dc B

o AC ! D I AC L,

AC

AC DC ] [ AC
L] " L]
— Il
1
—l/ DO/ AC AC
— Ac /T | pc ][A(’ | pc /T
L] " L
o—] ] —o
Il
wl/ DL |/ AC pol |/ Ac L,
| AC DC AC I Dc /ST
‘nm’ +
o— “ = —o
1/ DC AC DC l AC L
| AC Do ] [ AC
L] " L]
1l
Il
AC AC
DC ] [ Ac ST | pc /T°
L] " -
Il .,
Il
AC pol /A0l

o/ Dc

— Ac

!
HH i e

1/ DC
— -
1 ac DC AC I Dc /T
L] " L] +
o—_ H = —o
o/ DC AC D("l AC |,
L o
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3 Basic SST Structures (1)

y 15t Degree of Freedoof Topologyelection |
Partitioning ofthe AC/AC Power Conversion q

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

r

1-Stage MatriXype Topologies A
2-Stage with MV DC Link (Connection to HVDC System) .
2-Stage with LV DC L{llonnection of Energy Storage)
3-Stage Power Conversion with MV and LV DC Link f}f} ’ﬁ}

-

g o oo

R TT i TT

.

re¥erell

. APE
ETH:zlrich
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3 Basic SST Structures) (1

y 15t Degree of Freedoof Topology Selection
Partitioning of the AC/AC Pow€pbnversion

a Mohan (2009) § F—Q 1
Ef m Rotor

Generator

:
© = |
|
Aki ' I‘@ E:J
,JK}
A A A < — H H
A A ‘TL ii - li F—J-: Zl ] Wind Turbine
II‘
I
1

13.8kV @
Grid * I_:‘ll__;7 SY  Gear Box

442

DT N
4 1 1 Grid and Power Transformer 60Hz
AAA ‘ \

1 i i
e ‘ ‘
8 i B Nacelle Droop cable Power electronics at the tower base
_O oM 5 P
i W Conventionel wind power generaton system
SVM m Power electronics
{ I —
WL o [ | HooEs
60Hz transformer ‘
Nacelle Grid 60Hz

Recent wind turbine system

High frequency ac link (few kHz)

. . =% ¥
y Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / Nc % | §H§ U
y LV Matrix Converter Demodulates MF Voltage to Defsngtl/ Frequency

[Gupta2009]
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3 Basic SST Structures) (1

y 15t Degree of Freedoof Topology Selection
Partitioning of the AC/AC Pow€pbnversion

a Mohan (2009) § F—Q 1

. ” = T
© i ool
‘R I Generator
JE} = =
N [ l: F—J-: Zl ] Wind Turbine
13.8kV L) e
Grid ‘R r:;l'l‘_;ﬂ SF Gear Box
A AL I —_—l L
JK} a | : Grid and Power Transformer 60Hz
Axx 1, sz | |
{f ngalagst Eee L A [H®E
_® - Hl =1 = N Nacelle Droop cable Power electronics at the tower base
i W Consentional wind poer generaton systemn
SVM m Power electronics
— 1 T ] -
s LT e T o=
60Hz transformer ‘
Nacelle Grid 60Hz

Recent wind turbine system

High frequency ac link (few kHz)

. . =% ¥
y Reduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / Nc % | §H§ ]
y LV Matrix Converter Demodulates MF Voltage to Defsngtl/ Frequency

[Gupta2009]
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3 Basic SST Structures (1)

y 15t Degree of Freedoof Topology Selection

Partitioning of the AC/AC Power Conversion
AC Input Voltage

_ _ Rectifier Output Voltage
y Indirect MatrixType 1ph. AC/AC Converter Transformer Input Voltage

y Lipo(2010): V-Input, I-Output B _Spectrum of Transformer Voltage

volt

Vin

& ﬁ 553 g A e st

@ _EE ({) g) Vet - _50' N | a0 | ’ Time (us)

100
Frequency (kHz)

y AC/DC Input Stagd{dir. FullWave Fundamenti&requ GTO Rect. Bridge, No Output Capacitor)
y Subsequent DC/DC Conversion & DC/AC Conversion (Demodykafign,
y Output Voltage Control by Phase Shift of Primary and Secondary Side Switches (McMurray)
y' Lower Number of HF HV Switches Comp. to Matrix Approach

[Abedini2010]

APEC
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3 Basic SST Structures (1)

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

y DClink-Type (Indirect) 1ph. AC/AC Converter
y Dual Act. BridgeBased DC//DC Conv. (Phase Shift Contr. Relates Babkittnv. / McMurray)

Rectifier ~ HVDC link DC-DC Dual Active Bridge LVDC link  Double-Phase Inverter LC Filter

11.4 kV E.............."...".............""""""""""""E 400V . R Load

R L ok Lk
lesi F F H By e HFT F H 1 1 1 G vt
b : N -

il

ZEHF gr\,lr i 4[%& éjr H 1 4[@5 4@5 Co T
Ls
| T T L m% _%_ %M
N -
y Alternatives: AC DC, DC/AC Topologies A | e LAc
AC/DC , DU AC Topologies T R
[Falcones2010]
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Partial or Full Phase Modularity
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3 Basic SST Structures) (2

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

o PhaseModularityof ElectricCircuit
a PhaseéModularityof MagneticCircuit

¢ PhasdntegratedSST

| AC

o / AC

— -

A

f

i

AC

f

|/ AC

AC

AC

L1
 E—
= d

ETH:ziurich

AC

AC

I

!

!

43/233

11}
m

Ac /T°

AC L ,

AC /T°

i

e
|

-
|

Wﬁ

i n

ACT

Y
@]
~

i

ﬁ

4

§

?

AC

i

AC

§
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3 Basic SST Structures (2)

y' 2"d Degree of Freedoof Topology Selection
Partial or Full Phase Modularity

y Enjeti(1997) [Kang1999] ‘_{E’g} y' Steime(2002) [wrede2002]
Ve 1R

G agRIC
334 43@

o
4

R
5
]
i

y Example of Thréthase Integrated/atrix) y Examplef Partly Phasklodular SST
Converte& MagnPhaseéModular Transf.
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Partitioning of MediunVYoltage
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3 Basic SST Structures) (3

y 34 Degree of Freedoof Topology Selection "
Partitioning of Medium Voltage

y Multi-Celland MulttLevelApproaches:
o LowBlocking Voltage Requirement =
o Lowlnput Voltage / Output Current Harmonics
o Lowlnput/OutputFilter Requirement

o—o{ — a)

i SingleCell / Twd_evel Topology ISOF= Input Series /
Qutput Parallel " AW is
Topologies tr ] ]“[

ETHziirich APRIE
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3 Basic SST Structures (3)

y' 34 Degree of Freedoof Topology Selection Marquardt
Partitioning of Medium Voltage Ty -
T
y  Multi-Cell and MultiLevelApproaches |
T == |
. N
= Uy =l_ |

: _ _ Akagi McMurray

MultiLevel/MultiCellTopologies (1981) (1969)

+3uy +duy, o

£ TwelevelTopology

1

11

N
L

Uy

o s : ° [Alesinal981]
[Marquardt2002]
[Nabael1981] [McMurray1969] [Lesnicar2003]
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3 Basic SST Structures (3)
y 34 Degree of Freedoof Topology Selection =\ A
Partitioning of Medium Voltage FR /g

y Bhattacharya (2012)

_K}]i_(’}]i_(‘}ii Eg ]i_(}  §

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

D@EDC Converter

y 13.8kV 480V
y 15kVSICIGBTs1200V SiC MOSFETSs

y ScaledPrototype [Tripathi2012]

ETHziirich APRE



T P oy o Systems 49/233

3 Basic SST Structures (3)

y' 34 Degree of Freedoof Topology Selection
Partitioning of Medium Voltage DEDC Converter

y  Akagi(2005)

y Backto-BackConnection of MV
Mainsby MF Coupling of STATCOMSs

y' Combinatioof Clustered Balancing
Controlwith Individual Balancing Contro

[Inoue2007]
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3 Basic SST Structures (3)

y 34 Degree of Freedoof Topology Selection
Partitioning of Medium Voltage %

y Das (2011)
o f TR AT
y FullyPhase Modular System 5351} ! f»} Jl}':»}
Y Indirect Matrix Converter Module$, =f,) = !
y MVc¢ -Connection (13.8kV, 4 Modules in Series) s B
¥ LY Y-Gaonlcinge (@ilsii /401 N (v4.6:5 Vulied 3 , oo uorT © S 1T ra}ij—la||e|
HO~ E@
I [ : P
| | [ | -
KJJ\.{JLJMJJ’) o o
Ju N e "~ N S a
I S L [ ] L F il

y SiCEnable? Ok Hz/ 1 MVA °Sol i d State Power Substati on:
y 97% Efficiency / 25% Weight / 50% Volume Reduction (Comp. to 60Hz)
[Das2011]
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3 Basic SST Structures (3)

y 34 Degree of Freedoof Topology Selection
Partitioning of Medium Voltage

y Das (2011)

y FullyPhase Modular System

Y Indirect Matrix Converter Module$, =f,)

y MVc -Connection (13.8kY, 4 Modules in Series)
¥ LY Y-Goonbiiringe (@il /401 N Mpdwids GaTd/alied 3 ,

9%

y SiICEnable2 Ok Hz/ 1 MVA °Soli d State Power Substation
y 97% Efficiency / 25% Weight / 50% Volume Reduction (Comp. to 60Hz)
[Das2011]
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Classification of SST Topologies
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3 Classification of SST Topologies

53/233

Degree of Power
Conversion Partitioning

Two-Level
Single-Cell

LV and MV 3ph.
Integrated

J/

LV and MV 3ph.
Fully Phase Modular

%

Multi-Level
Multi-Cell

N

9
\
)
0

¢
¢

o N
+
B Y F Y o

SESESE
Lv ar]d MV\ ’\:<’>:<’>:§’;|‘!ﬁ]% .......... t F i N
RS G0 |
ENWSglgl s
o %@&hj‘%@}%ﬁ% - Eniet
AN \[.[\f.’]/]ﬂ/]’ N i Enjeti(2012)
NN |
e M.\ilﬂ Degree of [Krishnamoorthy2012]
Degree of Levels Phase Modularity
Series/Parallel Cells

y Very (1) Large Number of Possible Topologies
y Partitioning of Power Conversion

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

ETH:ziurich

Matrix & D€Link Topologies
Phase Modularity
Multi-Level/Cell Approaches
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3 Partitioning of AC/DC PFC Functionality

Yy Required Functionality

o E Folding of the AC Voltage IntpAL| Voltage

o CSInputQurrentShaping
Galvanitsolation & Voltage Scaling
o VR OutputvbltageRegulation

8k

Isolated Back End¢E) @

O Broadly Analyzed and
Employed in SSTs

Isolated Front EndIfE @

O Less Common,
Interesting Alternative

ETH:ziurich

Fully Integrateda

—

54/233
y Isolated PFC Task Partitioning Variants:

_ .
A FlGIWIELIZD W L ¢
AC] FiCSiW[=]17 =+ DC
AC FiCSi 17 WR =L nc
AC F i 17| CS{VR[=F.DC

|
APEC.
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3 IBE and FE in SST Applications (1)

y IsolatedBackEnd

ATl Ficsiw[E]T | magils
1 . Offenlegungsschrift
=25 Fig.1 % DE 19827872 A1

15 0
'1!8 9

= R
: V7777777
14

9
7 10 1/713 /* 16
/ /ﬂ_//’ }///Zq

=

Steiner,1996° Traction Applications
Primary Sidéctive Rectification
ISOP System Structure

o o g

o]

SoftSwitchedsolation Stage
(HCDCM Series Resonant Conv.)

) /21' 21
K IL r%?ﬁ Resonant Cap.

[Steiner1998], [Steiner2000]

ETH:ziurich

y IsolatedFrontEnd (1)

AC® | F i1 [ ]csiw[=FnC
1533/-1:, 15 kv AMS L
. i
| |2
@ i

400 H Zi Tranﬁ’l transformer

Z§Z

Fig. 3. Circuit diagram.

\|AC|-DC
Boost Converter
a Weisd,985 (1)O Traction Applications
a Secondary SidAC|-DC Boost Converter for
Sinusoidal Current Shaping and Volt. Reg
a HardSwitchedsolation Stage

a Han, 2014 Ext. to Resonant & Modular
Concept [Weiss1985], [Han2014]

APEC
2816
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3 IBE and FE in SST Applications

y IsolatedBackEnd
ACT|F
%

I

CSIV[F][I|

u

&&4‘£‘

il[l

a Developed IntBully Functional Traction S
by ABBDQuji¢ Zhao, et al.), ca. 2012014

a SoftSwitchedsolation Stage

(HGDCM Series Resonant Conv.)

[Dujic2013] & [Zhao2014]

ETH:ziurich
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(2)

y IsolatedFrontEnd (2)

AC® | F i1 [ ]cs i w[=Fnc

Confederazion
Confederaziun svizra

e Svizzera

Energy Turnaround
National Research Programme

g% Swi s sSTNSST

g ETH, 2015, in the Scope@

a All-SiC Full ZVRealization
a Simplified Input Stage

STa Further Configurationsi®h., AC/AC, etc.

a SoftSwitchedsolation Stage
(HCDCM Series Resonant Conv.)

ETH / [Kolar2016], [Huber2016a]
APEC
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3 History of Silicon (Si) HigiPower Devices

PCT/Diode 5

Bipolar 7 ) evolvin'g
Technologies ‘ N & ] IGCT

GTO i

N
=

Technologies

£ Historical Development of Device
Technologies
sy (1) © BiModdGCT(BGCT
’ [Rahimo02009]

1980 1990

Development of Max. Switching Pewer

Switching Power (VA)

ETH:ziurich

(1) © wide Band Gap SSi§)(
| O BiMode IGBT (BIGT)
2010 [Vemulapati2012]
Img: RahimfABB, 2014
1.E+08
150mm
100mm 125mm L
ressPacl
e Insulated
==Thyristor
Heoe «=GTO/IGCT
w—|GBT
1.E+05
1960 1970 1980 1990 2000 2010 2020
Year




59/233

1L I Power Electronic Systems
1"'= Laboratory

3 Available Si Power Semiconductors

y DeratingRequirements Due to Cosmic Radiation

y 1200V/1700V SIGBTs Most Frequently
1700V SIGBT® 1000V max. DC Voltage

Used in Industry Applications

SourceH.-G.EckelUniv. Rostock

Semiconductor evolutions — IGBT A : — B —
Power device technology positioning [ 1700 V Vi - — —
FIT i z
2 ; —] IGBT A/ - 7
) =g &= ‘ y . K 4
o L L
Wt K p /
Yy )
Ml MOSFET 1000 25 o i
s 1000 FEEe 15
2. : m AMSL
Al Triacs /1 1000 m AMSL
3 . T
= Bipolar H /
’ ’
; 100 A
o7 o/
> J J
200 Gl app\'\a;c::“ 600V or less 1200V or more & duS‘N'U;;?;'\o“ 3.3kV and more 1 : {
consumer SV Voltage ass 1P 25 °C [ 125 °C
* |IGBTis gaining shares in high voltage low end solutions and low voltage high Om
solutions, thanks to its price erosion. It is becoming a commodity. On the other side, Om AMSL [ AMSL
SiC is to become the high end solution in medium and high voltage. _ ~ 1 T | |
L cxu-0 yhore | 10— T T 1 T ! U
1000 1050 1100 1150 _Hd
V

Ty r—pry ey

Img: YoIeDéveIoppemeﬁt

y Blocking Capability Up to 6.5kV
y Proven Heaviputy ModuldechnUp to 3.6kA

y Rel. High Switching Losses

ETH:ziurich
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3 Sivs. WBGHICGaN Semiconductors

Yy Specific OfBtate Resistance vs.
Critical Elec. Field Strength

Si
GaN  SIC (I) Diamond
Img: http://www.evincetechnology.com/whydiamond.html 1000 Img: Chow, 2015.
E 100
[=]
E
E 10
y SiCMore Mature thataNor <, L
HV Applications 1 ()
&
. 0.1 57
y Outlook:SiCIGBTdor BV > 10kV " o reckenmVolnga () 10000
®si WSS IGBT ®SiC A GaNHFET ¥ IR GaN
ETH:irich
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