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» Classical Transformer (XFMR) - History (1)

* 1830 - Henry/Faraday - Property of Induction
* 1878 - Ganz Company (Hungary) —> Toroidal Transformer (AC Incandescent Syst.)
* 1880 - Ferranti —> Early Transformer
* 1882 - Gaulard & Gibbs —> Linear Shape XFMR (1884, 2kV, 40km)
* 1884 - Blathy/Zipernowski/Deri —> Toroidal XFMR (inverse type)
Europe
USA
W. STANLEY, Jr.
Patented Sept. 21, 1886. No. 349,611, INDUCTION COIL.
* 1885 - Stanley & (Westinghouse) —> Easy Manufact. XFMR (15t Full AC Distr. Syst.)
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L ° (No Modsl) .
> |" -— ' !, M. YON DOLIVO-DOBROWOLSKY.
Cla551 Ca l Tra n Sfor er H1 Sto ( 2 ) ) ELEOTRICAL ?NDucT‘luH APPARATUS OB TRANSFOBMER.
No. 422,744, Patented Mar. 4, 1890,

o
“n
fing
/

UNITED STATES PATENT OFFICE.

MICHAEL VON DOLIVO-DOBROWOLSKY, OF BERLIN, GERMANY, ASSIGNOR TO
THE ALLGEMEINE ELEKTRICITATS-GESELLSCHAFT, 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. Serial No, 336,290, (No model.)

Jﬁ,{ nLésrEST
gl A

* 1889 - Dobrovolski - 3-Phase Transformer
* 1891 - 1st Complete AC System (Gen.+XFMR+Transm.+EL. Motor+Lamps, 40Hz, 25kV, 175km)
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» Classical Transformer - Basics (1)

- Magnetic Core Material
- Winding Material
- Insulation/Cooling

- Operating Frequency

* Silicon Steel / Nanocrystalline / Amorphous / Ferrite
* Copper or Aluminium
* Mineral Oil or Dry-Type

* 50/60Hz (EL. Grid, Traction) or 162/, Hz (Traction)

- Operating Voltage * 10kV or 20 kV (6...35kV)
* 15kV or 25kV (Traction)
* 400V
- Voltage Transf. Ratio * Fixed
- Current Transf. Ratio * Fixed U
- Active Power Transf. * Fixed (P,=P,) fi
- React. Power Transf. * Fixed (Q,=Q,)
- Frequency Ratio * Fixed (f,=f,)
e Magnetic Core A =-L _ v, 1 o
Cross Section Core 27 B fN, . | .
fi l N. MR N
e Winding Window A = 2, o & 2
W* rms

ETH:zurich
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» Classical Transformer - Basics (2)

Source: www.faceofmalawi.com

m Advantages

* Highly Robust / Reliable

ETH:zurich
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» Classical Transformer - Basics (3)

m 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

Not Directly Controllable

Dependency of Weight / Volume on Frequency
Sensitivity to DC Offset Load Imbalances
Sensitivity to Harmonics

¢ Construction Volume

A

a|§

Core”~Wdg =

A
P, .... Rated Power
ky ... Window Utilization Factor
B ax -+ Flux Density Amplitude
... Winding Current Density
f ... Frequency

* Low Frequency = Large Weight / Volume

ETH:zurich
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» Classical Transformer - Basics (4)

m 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

Not Directly Controllable

Dependency of Weight / Volume on Frequency
Sensitivity to DC Offset Load Imbalances
Sensitivity to Harmonics

* Construction Volume P

7/82 —

Vacuum Cast Coil Dry-Type
Distribution Transformer

A
Cor d,
P, .... Rated Power ore s

ky ... Window Utilization Factor

B ax -+ Flux Density Amplitude
. Winding Current Density 4\ 4\ 4\

f ... Frequency
* Low Frequency = Large Weight / Volume

ETH:zurich

1 MVA - 12kV/400V @ 2600kg
0.2%/1% Losses @ No/Rated Load

TcRERA -
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» C(lassical Transformer - Basics (5)

P
_ 2 ‘
Ade _72/( 7 B f
w max

rms

180kVA NAND

Weight-Optimized
Air-Cooled / Insulation

Forced Convection :
X ... bOHz / 0il —— Ferrite 98.6% eff. Source: ABB/Drofenik
«esese Therm. Limit

m Construction Volume A

Core

8/82 —

P .... Rated Power
ky --.. Window Utilization Factor

max -+ FLux Density Amplitude

s+~ Winding Current Density

..... Frequency

Ferrite-Pareto

Silicon Steel - Pareto

————— Ferrite 99.5% eff.
. ) Vitroperm - Pareto
100 +—s : Silicon Steel 98.6% 100 - % 1MVA@SO0Hz
3 N ] e==-- Silicon Steel 99.5% w
; 99.8 [ i
e Viitroperm 98.6%
- === Vi 99.5% - L~
E‘ 10 ] Itroperm . '\? _—
z 5 ail
) & 992 -
= 2
E £ 99 |
1 ©
98.8
A 98.6 ‘/
0.1 — —————— 08.4 .‘aé“*‘ ; |
0.01 0.1 1 = 10 100 0.01 01 1 10
f [kHz] power density [KVA/kg]
m Higher Frequency - Lower Weight / Volume m Higher Volume —> Higher Efficiency

TcRERA -
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» ACvs. DC Power Transmission (1)

m AC Cable - Thermal Limit Due to Cap. Current @ L =0

z=10 =1
fic IACx=0
UAc‘ %\} =C, = CL R
L. . Costs
m HVDC Transmission - Advantageous for Long Distances LEAC DC
e Losses
Cable
AC DC

AC M =HVDC = M AC

3 DC AC 3 : .
l l ‘ Terminal
L ) ) 1L ; Distance

Limac Lnc Lic

m Low-Frequency AC (LFAC) as Possible (Purely Passive) Solution for Medium Transmission Distances

>
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» AC vs. DC Power Transmission (2)

10/82

m Quadratic Dependency of Losses on Voltage Level > Reduction of Conductor Cross Section

m DCVoltage Ensures Max. Utiliz. of Isol. Voltage

UAC

— RL RAC
1 1
<P
P = 3.(3_)2 ‘R —
V,AC (]AC L
R
P + =5
P, .=2-(—)"R —
V.,DC ( 2UDC) L ,llUDC
O|Thc
PV,DC 3 U 2
P, B 5( UAC ) | Upc=v2Upc =0.75
V,AC DC

—> Highest RMS Value / Lowest Current

48V DC

+380V DC

208V AC

Conductor Cross Sections
for Same Losses

m Fault Current Clearing as Main Challenge of DC Distr. Systems (Missing Regular Current Zero Crossing)

ETH:zurich
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SST Motivation

Next Generation
Traction Vehicles
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» C(Classical Locomotives

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

Source: www.abb.com

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

ETHziirich ‘CRERA
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» Next Generation Locomotives

m Trends * Distributed Propulsion System = Volume Reduction éDecreases Efficiency)

* Energy Efficient Rail Vehicles —> Loss Reduction

Requires Higher Volume)
* Red. of Mech. Stress on Track —> Mass Reduction

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

LFT

_ MFT
L Adr=

Do T
— S

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

e Replace LF Transformer by Medium-Frequency Power Electronics Transformer —> SST
e Medium Frequency Provides Degree of Freedom - Allows Loss Reduction & Volume Reduction

—_

CRERA
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» Next Generation Locomotives

- Loss Distribution of Conventional & Next Generation Locomotives

DC

' AC
DC

AC

g-
;hhc

DC —— AC/DC
M LF
36 Transformer —— MF
K —— Transformer
AC

AC AC
o'ii'o
AC DC
; 4 Ac/AcC

SST e} B

gl

e Medium Frequ. Provides Degree of Freedom = Allows Loss Reduction AND Volume Reduction

>
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Future Smart
EE Distribution

g '

~ . | > /
%ff Source: TU Munich
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» Advanced (High Power Quality) Grid Concept

- Heinemann / ABB (2001)

Generation Units
Set of Diswibured Resources
& ‘f’ L7~ ;
i \‘“ -
RN . - ,

®
¥
= eg
// . Small Distributed
, ki3 Generation Units

- —t
DC Loads
p LV DC-Link (option)
I A A
1 y N
/! ] = =
J Protected
4 _I —== . Z25e AC Loads
S — — 59 L
I
' — =
| = = ..
| Distributed Storage /- Normal AC
e.g. Fiywheel Loads Office Buildings, Banks, Malls,
I gl *e ' Hospitals, Indusrry...-
' — — . — — —

Secandary Substation with MV/LV Power
Electronics Transformer

1

1

t ' Conventicnal Secon-
| J dary Substation

1

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

ETHzurich CRERA
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» Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.

- Huang et al. (2008)

. ) . FREEDH
e SST as Enabling Technology for the “Energy Internet S0 e el
- Full Control of the Power Flow IFM = Intellig. Fault
- Integr. of DER (Distr. Energy Res.) Management
- Integr. of DES (Distr. E-Storage) + Intellig. Loads
- Protects Power Syst. From Load Disturbances 12 kV AC Bus
- Protects Load from Power Syst. Disturbances IFM 1 IFM
- Enables Distrib. Intellig. through COMM \
- E;lcs.ure Stability & Opt. Operation . COMM
- etc. SST /
p 00 v DC Bus : 12(-)VAC Bus
L A
$%2 ¥ % %
5 E — | |
& O Q Q
a < <

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

ETHziirich CRERA —
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» Terminology (1)

McMurray
Brooks
EPRI

ABB
Borojevic
Wang
etc.

T
<<

Operating Voltage
=
<
LFT

—
<<

J

Electronic Transformer (1968)
Solid-State Transformer (SST, 1980)
Intelligent Universal Transformer (IUT™)
Power Electronics Transformer (PET)
Energy Control Center (ECC)

Energy Router

SST
PSU

—_——

50Hz 1 10 100 1000 kHz

v

LF

ETH:zurich

Y Y

MF HF
Isolation Stage Frequency

16/82

12 KV AC B
IFM : = __fIFM
COMM 1
SST
400V DC Bus 120 V AC Bus
SO0 Ol
> 0 > o ko) ko)
B gL 3 § 8
i O O O
() <L <
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» Terminology (2)

United States Patent [
Brooks et al.

17/82

[11] 4,347,474
[45] Aug. 31

[54] SOLID STATE REGULATED POWER

“... Solid State Regulated Power Transformer ...”

[75] Inventors: James L. Brooks, Oxnard; Roger I. N
Staab, Camarillo, both of Calif;; Fommmom e mm e N e .
James C, Bowers; Harry A. Nienhaus, QCONVEZTER 24 16 |
both of Tampa, Fla. C/,a ! { A j i 26
]
[73] Assignee: The United States of America as i e Ny * ‘\\< !
represented by the Secretary of the v : . 1 i
Navy, Washington, D.C. 60 He o | ! Ly * ' |
' | 1
[21] Appl. No.: 188,419 .,[ T ! - L i
[22] Filed: Sep. 18, 1980 = | L B i ': ---------- a
1 39 '
! A
- \,0
36\ . /'44 /42
PULSE
o L5 257 [ KBRS
Fig. I.
46 .
™ awee AGC
. LiM CKT |60 Hz REF
m No Isolation (!) 199% OUT OF PHASE | (5
m “Transformer” with Dyn. Adjustable Turns Ratio ' ! ]

ETH:zurich
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> Passive Transformer > SST
m Efficiency Challenge
fi
j ________ -y LF Isolation
;,1 0_1; _______ ;z: flul N, . Purely Passive éa
— : Series Voltage Comp. (b
------------ ) Series AC Chopper (c
R ar=——— h 7 MF Isolation
w, = = oL -\_—. ‘ Uy ~ uy* Active Input & Output Stage (d)
fl 0—;__:__ fzz fl
—— 1
fi ! PLA
jo—C— | - P, d) e
°—IT—__________! — ﬁ — —~— AC/AC
I_o C) = AC/AC— i 1\[?
AC/AC—— —— Transformer
— Ac > AC L o EPL a)
“'1 ol 'l”.' | W ~ uy* LF Transformer | ——
i | Jac I ac| B FE 2L ac/ac
— @ ) b) ) d)
e Medium Freq. > Higher Transf. Efficiency Partly Compensates Converter Stage Losses
e Medium Freq. > Low Volume, High Control Dynamics
ETH:zurich CRERA —
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SST Concept
_ Implementation >

e

ETHzurich CRERA
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Challenge #1/5

——— Auvailability / Selection of ——
Power Semiconductors

>

ETH:zurich CRERA
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» Available Si Power Semiconductors

e 1200V/1700V Si-IGBTs Most Frequently e Derating Requirement due to Cosmic Radiation
Used in Industry Applications 1700V Si-IGBTs - =1000V max. DC Voltage
Source: M. Dop;b)/leltlilz;ﬁer
. mter
MVIGBT/IGCT _ _ _ _ . Source: H.-G. Eckel
: } ‘ ‘ : ﬂ(IT Ourcﬁniv. Rostcocek
I i ’ : Kantsruner Instut far Technologle ;L r = = =
I e i FIT [ 1700V T ——
' ; | IGBT A/ T 7
, ! 1 1 e T il ’ //
- wiest [ - - o | V4
= 1 1 | soues Tosba 1 1000 A Ny AR
g 1 1 : @\ 25°C ."J' — 125 °C
=131 4 N | @ y —_— 4
o B e | . 1000 mAMSL P/ —71 1000 mAMSL
2 % I I ‘ fiincon I l" ' "' l,
S P i A S~~~ T ! ,-/
""' source - ‘/" 1 1 100 1 -
% A =
E| i) 47
S N N B 25°C : 125°C
‘ ‘ 0 mAMSL 1 0mAMSL
Blocking voltage [kV] 10 = —F—F —T

I 1
1000 1050 1100 1150 _Yd_
Y;

m Interfacing to Medium Voltage - Multi-Level Converter Topologies

ETH:ziirich CRERA —
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» SiC Power Semiconductors

e Soft-Switching (ZVS) Performance

e Samples 10KV MOSFET @ 15A
* 10kV & 15kV / 10A MOSFETs (250ud)
* 10kV & 15kV / 8A JBS Diodes
* 15kV / 20A IGBTs
N
| , Wolfspeed
[kV] si | siC | sic
0\ | unipolar | bipolar
20 T IS o
:
|
| 10kV _10f
10kV | 20 kHz =
10 {-=r<c——-
S|
5 |
Mature ~ Source:
technology P. Steimer/ABB 0
> (a)
1 5 20 [kHZ] -100 0 100 200 300 400

Time [ns]

m Interfacing to Medium Voltage > Two-Level OR Multi-Level Converter Topologies

>

ETHzirich CRERA
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» SiC Power Semiconductors

B

S

e Samples  Wolfspeed
* 10kV & 15kV / 10A MOSFETs e Derating Requirement due to Cosmic Radiation
* 10kV & 15kV / 8A JBS Diodes for 100 FIT @ 25°C & 0 m AMSL
* 15kV / 20A IGBTs A,=7.2cm?
: : Source: P. éagdgk
[kV] Si 1 SiC | SiC % o
| H | .
A ' unipolar | bipolar K Lol
20 T 75 2L 2kA
| \
! 70
|
i

=2
(5]

<
10 kV =
20 kHz 3
28 2.2kv
k60 X7 50A 2.5kv
>8

2x650A

P. Steimer/ABB 3.3kv
technology . s 2x450A
7
1000 1500 2000 2500 3000 3500
1 5 20 [kHZ] BV rating (V)

m Interfacing to Medium Voltage > Two-Level OR Multi-Level Converter Topologies

ETH:zurich CRERA
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» Commercially Available SiC Power Semiconductors

m High Current 3.3kV / 1.7kV / 1.2 kV Power Modules
m Mitsubishi (CREE, ROHM, GE, etc.)

. ¢ misuBisHI
Capacity &'a ELECTRIC
hanges for the Better
[kW]
T,=175°C
50001 3 Roorm43Q — 3
— 25 Ls=70 nH 25 ;
2000| High speed < <
rail e 2 =12 @
o 3.3 kKV/1500 A 5 1.5 1.5 =
500] ot Full-SiC ppwer module o \ Q
> * g ' g
200 1.7 KV/1200 A © E,=0.53J ©
190‘ @ Hybrid-SiC power module A 0.5 0543
= A—— 0
750 1500 3000 0 1 2 3 4
Rated voltage for power device [V] Time [psec]
e 6.5kV Samples Available
ETHzurich ——

CRERA
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Challenge #2/5

—— Creation of MV > LV ——
SST Topologies

>

ETHzurich CRERA
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» Interfacing to Medium Voltage Marquardt -] Alesina/
(2001) , |, A \(Ientur)ini
e 1981
m Partitioning of Blocking Voltage -
m Series Connection or Multi-Cell and Multi-Level Approaches |
m High Number N Cells - Quadratically Reduces Curr. Harmonics Lu, ot

Baker McMurray
(1979) (1969) Tu,

£2uy, 2duy, 0

N
0

* Multi-Level/

T Multi-Cell
* Two-Level Topology o — Topologies
0

ETH:zurich CRERA —
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» Scaling of Series Interleaving of Converter Cells

m Interleaved Series Connection Dramatically Reduces Switching Losses (or Harmonics)

phase _H-bridge output stage
L
F%_Sr{ D, S ZD;
ol
ch==1 Vo
sz-|}(gsnz s4-|KBSD4

=

\ converter cell .
L]

m Converter Cells Could Operate at VERY Low Switching Frequency

- Scaling of Switching
Losses for Equal Ai/I
and dv/dt

m Minimization of Passives (Filter Components)

ETH:zurich

o dv/dt

TVnc
dv/dt |
Ve
V V,
E
TV
f \— 47 DC
> tS t <t_,lf t
S
Dy .
_A_> t
t RN
N [ ]
1 |

P, P

sN ~ Lgn= ( N2 TN )
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United States Patent (111 3,581,212
{54] FAST RESPONSE STEPPED-WAVE SWITCHING IPventor: Ao
POWER CONVERTER CIRCUIT _ W’i”"é’” McMurray: SR
18 Claims, 13 Drawing Figs. by, B fo Gophtt

[72] Inventor  William McMurray

Schenectady, N.Y. I
{21} Appl. No. 846,354
(22] Filed  July 31 <— 1969 ,
[45] Patented May 25,1971
(73] Assignee General Electric Company

/4
29n F‘/"" $-20n 4”
|57 12 27y, 23

/5n
/In /9n 7]¥2/I;
Vy/d 1
i —
H i
1
! 1
PR — 1
3% T st mmeie 6
a2
- 202
La Z2a Y
! 232 /sa
: 1327 193 2
! 772 e
i J— /.
“ | 1017 }—
2

e (ascaded H-Bridge Multi-Cell Converter (1-® AC/AC SST) | - |

>

ETHzurich CRERA
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» Partitioning of AC/AC Power Conversion

m Introduction of Intermediate DC-Links

= Connection to DC Distribution Lines
= Basic Converter Building Blocks

- Integration of Energy Storage AC ]"E AC ’

AC

DC AC /] °
[ ] “ L]
o—y / DC AC AC |
[ ] I [ ]
e Il
"
AC DC
!

[ 1
S
T

pc /T°

AC Lo

i - -
[

] AC DC AC pc /T
L‘. j"{
Ot 1] —o0
T/ [
o—_ DC AC DC AC L
——

m  Direct AC/AC Conversion - Isolated Back End - Isolated Front End - DC/DC Conv. Isolation

ETHziirich CRERA —
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» Electronic Transformer - History

m  System Using Mech. Switches Patented Already in 1913 (!)
m  Mechanical Sw. - Tubes - Mercury Arc Valves - Solid State Switches

1,206,662, Patentéd Nov. 28, 1916, [Phase advancing condensérs

. 2 SHEETS—SHEET 2. E
g5,
[ — =

| |

I

|

1913 — P.M.J. Boucherot 1928 — D.C. Prince A

1944 — E.F.W. Alexanderson et al. 1968 — W. McMurray v
v _
D-c transformer _|l_ e p
_ +/93-5 . /4P [} /43
’ MOTOR ctw s . | ”
VOLTAGE VOLTAGE | | Ny
TRANS- MOTOR ~ '
MISSION CIRCUIT
{ ' ’

m “Transformer of Cont. Current” / “DC Transformer” / “Electronic Transformer”

ETHzurich CRERA
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United States Patent Office

28/82

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. ClL. 321—60 14 Claims

ABSTRACT OF THE DISCLOSURE

Several single phase solid state power converter circuits
have a high frequency transformer link whose windings

low frequency A-C source through inverter configuration

1968!

fnverntor:
Witlam MeMurray;

s At

are connected respectively to the load and to a D-C or Filed April 16, . by Fata £c Egegﬁ
) tvo 7IE NS

switching circuits employing inverse-paralle! pairs of con-
trofled 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 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.

e Electronic Transformer (f,=f,)

=

e ACor DC Voltage Regulation & Current Regulation/Limitation/Interruption

e~ —

(II{IEP{[\
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» Electronic Transformer

. 0wl # ) e > 0
5% d ~ °
, 3 J/ - N
/C—/._g,4(a) §§ N
m Inverse-Paralleled Pairs of Turn-off Switches §§ A /’
m 50% Duty Cycle of Input and Output Stage N N S

Flgdm

bgl
VY
TRANSFORMER VOLTAGE

DMH"I‘ljh o

, Figdwo

: “% n
= ¥ v =£47 | e
Tl ot 37 E, 2 2

25 ‘ “5 pj%q_“ 45 7 /724(‘0

Iz
902 CONTROL 93,06
@3 .04 CIRCUIT. @7,08
PHASE . .

m f,=f, > Not Controllable (!) /}24(6)
m Voltage Adjustment by Phase Shift Control (!)

BN
N
N
3
R 8
M
o
3
&
S ¥
&
OUTPUT VOLTAGE
(90° PHASE SHIFT)

TR

GYTPET VOLIAGE

OUTPYT VILTAGE
(5“PHASE SHFT ~LEADINE)  (83* PHASE SHIFT-LAGSINS)
"\ L
' — /
‘_——._as-——lll \ \ l
= |
/
- 7
N4
AT N
—
1
D
(8,
)
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United States Patent [19] 1] Patent Number: 5,027,264
DeDoncker et al, 45] Date of Patent:  Jun. 25, <—1991

[54) POWER CONVERSION APPARATUS FOR
DC/DC CONVERSION USING DUALACTIVE <—  “___ Dual Active Bridges ...”

BRIDGES =~ oo
[75] Inventors: Rik W.DeDoncker, Niskayuna, N.Y;
Mustansir H, Kheraluwala;
Deepakraj M. Divan, both of
Madison, Wis.
[22] Filed: Sep. 29, 1989
20
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L |7 o N L TN S,
1
L T~ e
) MOS-Controlled 1 l i | i t t
= 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

P
N

ETHziirich CRERA

'S




=1C I Power Electronic Systems 31/82
I" = Laboratory

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS AND CONTROL INSTRUMENTATION VOL. IECI-17, NO. 3, MAY 1970 & 1 9 7 0 '
o

A Method of Resonant Current Pulse Modulation
for Power Converters
( > -

1Ly FRANCISC C. SCHWARZ, SENIOR MEMBER, IEEE

m Load-Insensitive DCM Series Resonant Thyristor Converter

- Transformer Voltage
- Resonant Tank - Transformer Current '

\ e

==C|: CR|} /\\ J I, o
L y

Fig. 4. Alternative simplified schematic of a controllable and load- k
|

g

| =

' e —
-

]

A
VWA

o e e

———
I
|

insensitive series capacitor dc converter with transfer of inductive
energy to the load.
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» Half-Cycle DCM Series Resonant Converter (HC-DCM-SRC)

Operating Frequency

m  f;= Resonant Frequency - “Unity Gain” (U,/U;=N,/N,) L2 E

m Fixed Voltage Transfer Ratio Independent of Transferred Power (!) ST Q=7

m  Power Flow / Power Direction Self-Adjusting

m No Controllability / No Need for Control ls 0s J

m  ZCS of All Devices = ///f \\\ ‘Q: 1
gp 0.6 / NN
W=
/iR
= o é/ Q=10

00 05 10 15 20

. w
Relative Frequency wo

=
<
[|*
Il

=2 8

t\)z 0|
|
I+
3

les: HV & LV side [A]
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- Concept also Used for Low-Power

m BCM Bus Converter Family
m Sine Amplitude Converter (SAC)
m Fixed Voltage Conversion Ratio DC/DC Converter

VICOR
L

Secondary Stage

Full-Bridge Synchronous
Rectification

15k0 SEPIC EN
1.5k ™ F‘ - ™ PWM <—| T
b { = Sensor
VAUX I VAUX
Over Voltage | cntr
UnderVoltage = ca
Over-Temp
Under-Temp
Startup / s
|Re-start Dela S P d
:y E Slow Current s«o"r::y‘gate
§ g E Limit Drive Transformer ‘
= v = e
. £% S Fast Current T
Full VI Chip W = E Limit
E® = S -
S8 SO
H g ‘5,Yf £ |Differential Current
3% Qf= Sensing
Half VI Chip Nee

m Very High Power Density
m Very High Efficiency

ETHzurich CRERA
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» C(lassification of SST Topologies

m Number of Levels m Degree of Power m Degree of Phase
Series/Parallel Cells Conversion Partitioning Modularity
”°— ][ _;_cu_, | AC . AC —
(A /11 LA ST - —
W —— ]II[ A o/ AcC Ac L,
! —_ |/ AC ! Ac L 4
. — ao /e [
—] I [y . — ! o— —— | == —
—w o E M el
B i o/ DC T ac " Al — 4o /e [
H 0 — ) - —— )
J,I: ]EE ac /1 A /T Pe — —/ AC _!__‘_El— AC
e il il = —
T iy AC ]"[ DC T AC |- - o
N «JJe _r_qf ' I —— o— i_ —
M : : A ! L/ AC
C e A 1 ac L‘.DC L] AC LDC —- T
LI A (A A = =— s
B ol / DC T AC DC T AC L, e i L L
ol | ]ii[ = o —— Ac L,

» 3-Dimensional Topology Selection Space

ETHzurich CRERA
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» Classification of SST Topologies

Degree of Power

Conversion Partitioning reFeliers

=
................. Fhlada |55

- Wrede (2003)

Degree of
Phase Modularity

Number of Levels

Series/Parallel Cells

m Very (!) Large Number of Possible Topologies

- Partitioning of Power Conversion - Matrix & DC-Link Topologies
= Splitting of 3ph. System into Individual Phases - Phase Modularity

= Splitting of Medium Operating Voltage into Lower Partial Voltages —> Multi-Level/Cell Approaches

ETH:ziirich CRERA —
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Combining the
Basic Concepts I

— Single-Phase AC-DC Conversion/ ——
Traction Applications

ETH:ziirich CRERA —
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» Cascaded H-Bridges w. Isolated Back End

Multi-Cell Concept (AC/DC Front End & Soft-Switching Resonant DC//DC Converter)
Input Series{ Output Parallel Connection - Self Symmetrizing (!)

Highly Modular / Scalable

Allows for Redundancy

High Power Demonstrators: A

s> BOMBARDIER ALSTOM etc.

the evolution of mobility

[v]

Catenary

1250

MV LFAC MF AC

1250 feeeenns

3000 F--

2000

1000 F-+of

Time [ms]

>

CRERA
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» Current Shaping & Isolation - Isolation & Current Shaping

m Isolated DC/DC Back End m Isolated AC/ | AC| Front End
ACT] FicSiWR[E]T | =, DC AC | Fi1[Jcsiw[=EnDC
Le MV LV L MV <> LV
—o—Egj—o—; AC —+—0C ~ac /1
(ol | _O_Eg_l -
Re | [ DC . DC c R 5 I: |AC|
4 | R A1 A+ v A Hac bC I‘l’v
mpd = pe J4}—T58 ot AN pc| L.¥
Vgl® r — Vg @ r K Cout
— ] 1
AN TGE "i/_ AT arre
Lot————/ DC 1 DCH o |IAC|—
e Typical Multi-Cell SST Topology ® Swiss SST (S3T)
e Two-Stage Multi-Cell Concept e Two-Stage Multi-Cell Concept
e Direct Input Current Control e Indirect Input Current Control 2
e Indirect Output Voltage Control e Direct Output Voltage Control &
[ ] High CompleXity at MV Side ([ ] LOW ComplEXity On MV Side @ N'::irogr?;l Researc: Programme

>
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» Modular Multilevel Converter

m Single Transformer Isolation
m Highly Modular / Scalable
m Allows for Redundancy SIEMENS
m Challenging Balancing on Cell DC Voltages - Marquardt/Glinka (2003)
Catenary
MV LPAC
( [kV] 50 [g——n '~ A ln
AN Amama
0 -\ ] —— \ ] \1 . Vam2Lc
.. ———F— 71 251\ \f ViV
| [— : | / ]
bo LaEa] el
[A] ggg A A A
J] L+ B B
- : lin
-100 0 co t ct
| [{] 0 300 ——t——tnterruptton -
R [kV] 2.1 T A AN AR
2.0
% }g \/\ /\ /\/V\/\/\/\/\/ vdc_av
g 1.6
ﬁ Rail 0 20m 40m 60m 80m 100m [s]
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Combining the
Basic Concepts II

Three-Phase AC-AC Conversion /
Smart Grid Applications

to Base
Power

. Smart Switches/
Electricity Routers
@ Customer Nodes

DER Generation
(Fuel Cells, etc.)

to Base
Power

Power
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» MEGALink @ ETH Zurich

39/82 —

converter cell

1B R3]

il

e

Bl

Ef

e s e
oy 1Z8] 5] |15

Bl

Sy = 630kVA 10kV RST

2y -
TR TR o
TR TR 16
TAEGES (e 10
T[RRI TR aEa
TEFEEEE R B

e 2-Level Inverter on LV Side
e HC-DCM-SRC DC//DC Conversion
e (Cascaded H-Bridge MV Structure - ISOP Topology

ETH:zurich

DC /il A
= —l—-B 400 V
LV converter — L— ACl-
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m Trade-Off

40/82
» Optimum Number of Converter Cells 10KV > 400V
10kV RST 50Hz

High Number of Levels - /

High Conduction Losses/
Low Cell Sw. Frequ./Losses
(also because of Device Char.)

Opt. Device Voltage Rating for Given MV Level
np-Pareto Opt. (Compliance to IEEE 519 @ Eff.
Sw. Frequ., only Cascaded H-Bridges, i.e. DC/DC

G

Converter Stages Not Considered)

15 T T T T T T

=

2 1]

S Total Losses

]

g mber of Cells “2K

o

S 5 F 600y 1700V 3.3kV

38 O X © *i;‘ Switching Losses

=100 31 S i -
LF- 10‘/0 o, > Conduction Losses
Alpp/IN=1 %o 0 i = ; P
0 1000 2000 3000 4000 5000 6000 7000

Semiconductor Blocking Voltage, Vg [V]

Efficiency [%]

100

99

98

97

96

W o A
LV converter — L— °C

Power Density [kW/dm?]

m 1700V Power Semiconductors Best Suited for 10kV Mains —> 10kV or Higher SiC Not Required (!)

ETH:zurich

e~ —
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» Single-Cell Structure (SiC)

e 13.8kV - 480V
e Scaled Prototype FREED:M
e 15kV SiC-IGBTs, 1200V SiC MOSFETs S3 TS BETLET

22kV 800V

bR A= s il ki
= o e
BREDIRE

ye3iai
3 o3 g |

Nl
]

844

N
W

20kHz

m Redundancy Only for Series-Connection of Power Semiconductors (!)
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Challenge #3/5

Medium-Frequency
Transformer Design

e Heat Management
o Isolation

ETHziirich CRERA
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» MF Transformer Design — Cold Plates/ Water Cooling

m  Nano-Crystalline 160kW/20kHz Transformer (ETH, Ortiz 2013)

A 102,94

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

ETHzurich CRERA —
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» Water-Cooled 20kHz Transformer

e Power Rating 166 kW
e Efficiency 99.5%
e Power Density 32 kW/dm3

- Nanocrystalline Cores
with 0.1mm Airgaps
between Parallel Cores for
Equal Flux Partitioning

- Litz Wire (10 Bundles)
with CM Chokes for Equal
Current Partitioning

Core losses
Copper losses

= Cooling system

ETH:zurich

Current [A] Current [A]
S b o w e s b o w e e b o oo & b o

Current [A]

Current [A]

=

=

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

lzﬁ
f— 3
Zc @g, 92

8 % 8
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» Further MF Transformer Examples

m Coaxial Windings — Shell Type
m Tunable Leakage Inductance
m Simple Terminations

- 450kW @ 8 kHz / 50kg
- 99.7% Efficiency
- Dry Type / Liquid Isolation for 34.5kV

- 350kW @ 8 kHz
- Water Cooling / Hollow Conductors
- Isolation for 33kV

Steiner (2007)

STS (2014)
www.sts-trafo.com

m 1MVA @ 50Hz - 2600kg / 99% Efficiency @ Rated Load (!)

ETH:zurich
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Challenge #4/5

Mains < SST = Load
Protection

>

ETHzurich CRERA
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» Conv. MV->LV XFRM - Qvervoltage Requirements

m Extreme Overvoltage Stresses on the MV Side for Conv. Distr. Grids
m SST More Appropriate for Local Industrial MV Grids

( @ Internal Fault

@ Lightning Surge

@ Switching Transient

(@) MV Short Circuit

(5 LV Short Circuit
@ Non-Ideal Load

e (Conv. MV Grid Time-Voltage Characteristic C::)
Very fast frgnt Ftast fr_ont Slo_w fl_'ont _ 50 kV 10 kV & @ @
Arcing transient  Lightning surge  Switching transient :::::D—@ "
=3-100 ns 1, =0.1-20 us t=20-1000 ps
= 1-3ms = 100-300 us 1, = 1-20 ms o} @
7 /7 VY =l 10kv £
= il
>10.0 / L‘é \ TT
=
EEY: “ = ’
% g Temporary Permanent _§ @
& Earth fault Load condition E
s 20 \ ‘ 2 X X x
400V 21400 V 400V
1.2 )
1.0
t ***"* **v**i@*"w"*
10 us 100 ps 1 ms 10ms 100 ms ls @. & =

ETH:zurich CRERA —



Power Electronic Systems 46/82 —
Laboratory

=l
1n
L

» Overvoltage Protection of SST

m Missing Analysis of SST Faults (Line-to-Line, Line-to-Gnd, S.C., etc.) & Protection Schemes

MYV Protection SST LV Protection
Ll — /,._E_mm_ Ac/HDC Do = L
1/ DC @
L%/ —— /"E‘""L'AC DC 1 AT —— | /'_L_Z
4/ DC C
.LS_/ o — /ﬁm'AC DC J T —— | /,_L:”
. Disconn. Breaker Pre-Charge H/DcH/DcbH AC
e Proposed SST Protection Fuse  Res. ZEN
Scheme with Minimum # of aa ‘[JR° Breaker gaﬂDisconn.
Protection Devices - I L Fuse gr-
Surge Arrester MV Earthing LV Earthing Surge Arrester
MV Bridge

MV Filter
I

e Overvoltage Protection (Lightning Strike) ..

* High Arrester Clamping Voltage

Filter Inductor > 8% for Current Limiting
* Requires Min. DC Link Capacitance

* Sufficient Blocking Capability Surge

* Grounding - Lower Stress if Unearthed Arrester Voo = 114KV

*

m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed /Safety /Reliability

ETH:urich CRERA —
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» Conv. MV->LV XFRM - Overcurrent Requirements

.@,
‘ !'-_ 7
400V Fuse / 630kVA XFRM I
S EEEL EERGEEEESE =
., | Hours (!) @ 1.5 x I \\
<] - ‘= ! ". “. .k S8
= SR ALIHEL AR
- SANNULIAY RN
§§ ‘ :’ % %s%‘ g%ij%{z"%si%% %6
0o \ 1NAY
2 STE LU RN
A NI SRR
AY \ A 1A \\ \ \
e Very High Currents Required to = e
Trip Fuses OR Protection Relays -0.2s @ 10 x Iy =R oe
AR
e Low-Frequ. XFRM must Provide L S \9 S T
Short-Circuit Currents of up to : AN N
10 Times Nominal Current for == SR RN
200 ms - 10' 2 3 4 56 8 10° 2 3 4 56 8 |o“ ‘2 “: ‘4 56 o‘{]:oi‘\‘ A“? “‘3\ ‘\s 6 8 10

m Lower Grid Voltage Levels —> Higher Relative Short Circuit Currents
m SST is NOT (!) a 1:1 Replacement for a Conventional Low-Frequency XFRM

ETH:ziirich CRERA —
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Challenge #5/5

———  Ensuring Reliability of Highly Complex
Multi-Cell Converter Topologies

ETHziirich CRERA —
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» Reliability Model (1) - Failure Rate

m Failure Rate A(t) is a Function of Time -, Bathtub Curve”
m Useful Life Dominated by Random Failures = A(t) = const.
m [A] =1 FIT (1 Failure in 10° h)
m Typ. Value for IGBTs: 100 FIT
Source: H.-G. Eckel
Univ. Rostock
Randon Failures = : —
— A — 1700V 7 n -~ ~
= = const. ' FIT 1 aer i/ - ~
e " no! T : A
D Useful Life" : VA
= : 1000 : AL
o : 25°C e .
: 1000 m AMSL —/—F/ 125°C
o 3 M1/ 1000 m AMsL
= : H
i : 100 4 /
25°C e 125°C
: q 0m AMSL f Om AMSL
T "Gl 10 1 T 1 |I ‘I |‘ U
Time 1000 1050 1100 1150 Td

m Sources for Empirical Component Failure Rate Data : MIL-HDBK-217F, IEC Standard 62380, etc.

~
—_
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» Reliability Model (2) - Reliability Function

m  Reliability Function: Probability of _J'éﬂ,(x)dx -1t
System being Operational after t: R(t)= e | =e
A(t) = const.
=
k)
B
| o=
e
2 R(t) = e™
T‘-E“
&
m  MeanTime -
Between Failures / Tim(;
® ° 1
MTBF = [R(t)dt=[e " dt =— 1.0y
0 0 A
0.8}
o= 0.6}
& N=1
m Series Structure E HE ... 4E > 0.41 —~—
N=2
n 0.2} =
A=2 4 Independent Cells = T
S il with Equal Failure Rate 0
B time

ETHziirich CRERA —
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» Redundancy in Multi-Cell Converter Systems

m k-out-of-n Redundancy 1.0

Redundancy of Cells in Phase Stack 0.8l

El = 0.6

System is Operational as 2 0.4}
Long as at Least k-out-of-n .

Subsystems are Working £ 0.2}
n

k-out-of-n 0
m Effect of g Redundant Cells on
Rs(t) and/or MTBF (Area below R¢(t) ) g=2
N Elements : s 4 27
o 5 |
0 20 40 60 80 100

e Redundancy Significantly Improves System Level Reliability (!)

ETHzurich CRERA
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» Redundancy in Single-Cell Converter Systems Source: . Doppelaer

........ M. Hiller

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

+ 2~ = N K = Press-Pack
%{:: ¥ A& ¥k S NPC Phase Module
L KR K = K =

T T T =
Uy T Motor
L >

T T
| K = K= T T K =
% K = K = g
= N 4K 4~

StakPak StakPak device

m Fail-to-Short Behavior Required (!)
m Only Feasible with Press-Pack Modules

ETH:zurich
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SST Demonstrator Systems

Future Locomotives
Smart Grid Applications

e

ETH:zurich CRERA
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» 1ph. AC/DC Power Electronic Transformer - PET

52/82 —

= DUjiC et al. (2011) Pantograph 15k(i/a:%n§'r3y Hz Power EleclronicsP E;:'rT:ction Transformer ITegend: :
HV PEBB's LV PEBB's : 6.5 KV 200 A IGBT :
- Heinemann 2002 Line side CIfCl:l(l A '-L,-;S«g' Resonant %% Motor side |~ i
- Steiner/Stemmler (1997 " 0 o G i e
= SCh1bh/RUfer 1996 Jr— .f+ R_.esonam Conveni‘r _______________________ 1500v DC‘» /‘Jm poeM | e Dc"“,m
I eam: iy i il
uce
- Udc_ro L9 _||' Controtied
'l}*aﬁm " 1500V DC- ,}M i by MICAS
g ‘IT\ S L<
_ %E ™ i AUXsupp!y
g 15kVA 3x400V @ 50HZ
g 5kVA 36V dc
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 MFTransf. (150kVA, 1.8kHz)
1 x Input Choke A 1D ED
Il ]

ETH:zurich
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» 1.2 MVA 1ph. AC/DC Power Electronic Transformer

m Cascaded H-Bridges - 9 Cells
m Resonant LLC DC/DC Converter Stages

[A]
1250 £

-+ 100

1250 f e enens 4 100

vl (Al

3000 - - 200

2000 [

1000 f--+ | - o -200

m Same Overall Volume as Conv. System
m Future Development Targets Cutting Volume in Half 0

0 0.2 04 0.6 08 1.0
Time [ms]

>
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» 1.2 MVA 1ph. AC/DC Power Electronic Transformer

m Cascaded H-Bridges - 9 Cells
m Resonant LLC DC/DC Converter Stages

96

94

92

(671 [ SR, / ..... ............. == w=  (Qperating with 9 levels |

= QOperating with 8 levels

1 ] 1 1
0 200 400 600 800 1000
Output Power [kW]

m Same Overall Volume as Conv. System
m Future Development Targets Cutting Volume in Half

ETH:ziirich CRERA —
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» SiC-Enabled Solid-State Power Substation

- Das et al. (2011)
- Lipo (2010)
- Weiss (1985 for Traction Appl.)

- Fully Phase Modular System

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

- MV A-Connection (13.8kV,, 4 Modules in Series)
- LV Y-Connection (265V, Modules in Parallel)

I fay

| , | |

\ J )\ ). J )N, ) ) )

' T e 19 b
1]

/ /

| L

e SiC Enabled 20kHz/1MVA “Solid State Power Substation”
e 97% Efficiency @ Full Load / 1/3™ Weight / 50% Volume Reduction (Comp. to 60Hz)

ETH:zurich CRERA




=1C I Power Electronic Systems 56/82 —
I" = Laboratory

» SiC-Enabled Solid-State Power Substation

- Das et al. (2011)

- Fully Phase Modular System

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

- MV A-Connection (13.8kV,, 4 Modules in Series)
- LV Y-Connection (265V, Modules in Parallel)

e SiC Enabled 20kHz/1MVA “Solid State Power Substation”
e 97% Efficiency @ Full Load / 1/3™ Weight / 50% Volume Reduction (Comp. to 60Hz)

ETHzurich CRERA —
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» SST vs. LF Transformer + AC/AC or AC/DC Converter

- Specifications 1MVA
10kV Input
400V Output
1700V IGBTs (1kHz/8kHz/4kHz)

- LF Transformer 98.7 %
16.2 kUSD
2600kg (5700Lb)

volume volume

{2\ o m AC/DC N
025

LFT + AC/DC 10kV RST
Converter i converter cell

MYV phase stack

] 4l . A
% .EW <B 400 V
losses losses LV converter— A o C

m Clear Efficiency/Volume/Weight Advantage of SST for DC Output (98.2%)
m  Weakness of AC/ACSST vs. Simple LF Transformer (98.7%) - 5 x Costs, 2.5 x Losses

>

ETHzurich CRERA
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ETH:zurich

Potential Future
SST Application Areas

Datacenters
High Power/Fast EV Charging
Off-Shore Wind
Oil and Gas Industry
Power-to-Gas
Distributed Propulsion Aircraft
More Electric Ships




Power Electronic Systems

=
n
L

Laboratory

» Green/Zero -

p{

T
AM&'EM ‘5"?

£

"\

Datacenters

— Ranging from Medium Voltage to Power-Supplles-on-Chlp

— Short Power Supply Innovation Cycles

— Modularity / Scalability

— Higher Availability
— Higher Efficiency

— Higher Power Density
— Lower Costs

33 Watts

60 Watts

58/82

Server-Farms

up to 450 MW
99.9999%/<30s/a
$1.0 Mio./Shutdown

Since 2006
Running Costs >
Initial Costs

/\/\_/
—_—

'CRERA
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» SST-Based 400V DC-Distribution System

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

— Conventional

m Direct 3-® 6.6kV AC > 400V DC Conversion / Unidirectional SST

ETH:zurich
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& 25kW SwiSS-Transformer

m Bidirectional 1- 3.8 kV,,. AC = 400V DC Power Conversion
m Based on 10kV SiC MOSFETs
m Full Soft-Switching

% 3.3kW/dm?

10kV SiC H-Bridge
7N\

10kV SiC 10kV SiC 1.2kV SiC
+
DL L R J:j = 53 2 J:3

L C Jh
g Lb | (4 r l—‘
x-.o‘ C’;E 1 c %: 7kV DC .iEEF ::i 400V DC
d bT
N ] .\ L 9:1 L N
LCL Filter J:B J:j — J:j |-’_* |-’_*
~ ¢
iTCM Network 10kV Half-Bridge MF Transf. 1.2kV H-Bridge
% 3.8kW/dm?
» 35...75kHz iTCM Input Stage » 48kHz DC-Transformer Output Stage

ETHzurich CRERA
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» 3.8kV > 7kV ZVS AC/DC Converter

m Full-Bridge iTCM - integrated Triang. Current Mode Operation Enables ZVS

— ZVS Requires Change of Sw. Current Direction in Each Sw. Period
— Open-Loop Variation of Sw. Frequency for ZVS (35...75kHz)

— Separate Optim. of ZVS and Input Inductor Possible

— No Large Ripple Input Current

Voltage [kV]

10kV SiC H-Bridge

%IOkVSiC J} °
L, J I

<

ER—— . z

o= g | _L__bl . g
:“l Iz Iy = 7kVDC o
Ry CbT - -

N~

. = 4 —

LCL Filter J::}luSN sz Z

o 5

N~—— g
iTCM Network O -

) 2 4 6 8 10 112 ll4 116 118 20
Time [ms]

» Full-Load Measurement (25kW @ 3.8kVrms AC, 7kV DC) - ZVS Over Full AC Cycle (!)
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» 3.8kV > 7kV ZVS AC/DC Converter

m Full-Bridge iTCM - integrated Triang. Current Mode Operation Enables ZVS

— ZVS Requires Change of Sw. Current Direction in Each Sw. Period

— Open-Loop Variation of Sw. Frequency for Const. ZVS Current (35...75kHz)
— Separate Optim. of ZVS and Input Inductor Possible

— No Large Ripple Input Current

% 3.3kW/dm3

10kV SiC H-Bridge

%IORVSiC J3 7

L L J: J:

. arees -iLg'i i -

: @ Rd Nt il
R e TN =

N—
iTCM Network

"+

— 7kVDC

transformer

» Full-Load Measurement (25kW @ 3.8kVrms AC, 7kV DC) - ZVS Over Full AC Cycle (!)
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» 7kV - 400V DC/DC Converter

m MV-Side Half-Bridge

— 48kHz Sw. Frequency, ZVS
— Cooling of Power Semicond. by Floating Heatsinks (Not Shown)
— Creepage Distances Ensured by PCB Slots

% 3.8kW/dm? O, &
¢ [10KVSic 12KV SiC ° Y. - : -3 ;
1 t S;l mE I\ZV Transformer . SL‘.I,': S%J 2 ‘ € l )" ;
'MV}_“ i | AC, ; %05 : A -
‘> *’uo iime ! >\ Gl + 5 Fiber
S Ly | s T 3 optics

UDC. LV

UDC.MV

Icy
AC,
10kV SiC

n=>52:6
) module

@[ s)

(=
g
4

Sd & S
! Insulation
HB, HB, = capacitor Overcurrent o— transformer

’\_‘ protection

Ic2

Driver stage

Current Power supply N
transformer Silicone tube i

» Half-Bridge for Cutting Voltage in Half / Lower Switch Count
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» 7kV - 400V DC/DC Converter
m MF-Transformer Measurement
— Fully Tested @ 25kW / 7 kV
— Calorimetric Loss Measurement
— 99.64% Efficiency
MYV terminations 150 99 .8
LV terminations
o o B\ 99.64 %
packags @“ e 120} 199.6
P: \g \\‘:s ~.‘ . .
' = 90} 1994 =
7 g
3 =
‘ ‘ § Winding -5
! s 1 — 199.2 &
“. """ m
E Core
3! 30} 499.0
Cooling
0 98.8
e ifoater 0 5 10 15 20 25 30

» Transformer Prototype / Loss Distribution / Efficiency

ETH:zurich

Power [kW]
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» Overall Performance

m Full Soft-Switching

m 98.1% Overall Efficiency @ 25kW

m 1.8 kW/dm3 (30W/in) 99.5 ,
99.1 %

99}
DC/DC 99.0%
98.5} <
/ AC/DC 98.1%

Total Efficiency

Efficiency [%)]
O
~

94.5

0 5 10 15 20 25 30
Power [kW]

» Red. of Losses & Volume by Factor of >2 Comp. to Alternative Approaches (!)
» Significantly Simpler Compared to Multi-Module SST Approach
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» Ultra-Fast /High-Power EV Charging

— Medium Voltage Connected Modular Charging Systems (e.g. Porsche FlexBox incl. Cooling)
— Very Wide Output Voltage Range (200...800V)

— Local Battery Buffer (140kWh)
— 320kW - 400km Range in 20min
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» On-Shore/0ff-Shore Windfarms

— Current 690V Electrical System - Significant Cabling Weight/Costs & Space Requirement
— Future Local Medium-Frequency Conv. to Medium-Voltage AC or DC

690 Vac, Var. Freg.

LV Cable

—— (5]
i
—

ak,

@ 35 kVac, 60 Hz

» On-Shore Wind Power System
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» On-Shore/0ff-Shore Windfarms

— Current 690V Electrical System - Significant Cabling Weight/Costs & Space Requirement
— Future Local Medium-Frequency Conv. to Medium-Voltage AC or DC

- HV Cable

35 kVac, 60 Hz

» Future Off-Shore System

ETH:zurich CRERA
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» DC Collection Grids

m =+ 50kV DC Offshore Collection Grid
m +50kV /£ 320kV DC/DC Offshore Substation
m =+ 320kV HVDC Transmission to Shore

IGBT Power Module, 6.5kV/7504
N_Devices: 12 §

T 1

Pn=10MW

Press Pack Diode, 6kV/700A

N_Devices: 160
-

+ 2kV i

LY
| E
s
H
t

m Unidirectional
Series Resonant
MF DC->MVDC
Conversion in Each
Wind Turbine

Source: Kjaer/2016

ETH:zurich

Onshore substation
Onshore AC

invbe,onshore
—
Vivpc enshore

% i 400kV
AC
HVDC export cable F | F79 network
700MW , + 320kVpe I . F7 ~Tmm————————-
800mm?, 100km ¥
} t " Offshore substation i
| formm -
| VHVDC,aIIsnorJ
I .
} iHvoetoftshore § .| l + 3 2 0 kv
|
! 250MW, 250MW, 250MW,
| #320kVpc/ +50kVoe +320KkVpc/ +50kVpc +320kVpe/ £50kVpc !
! .
' |MVD¢1,allshor=1 ]
2320AT 50 4 B0 kv DOAI + 50kVie
SGOA‘ ‘ |640A % ’f’
-
oI HG 58 /
TxEMW 7xEMW ?;MWSX i 2 kv ?KEV\KN TEMW WSMW E; MW /
WTOWT  OWT v /

100mm? , 0.82km/cable

37

45 a4

L
300mm?, 0.82km/cahle
IFeederz]

lFaadm

34
Q ! I fod e ] I
—b
|
3F 3EL=l3p 3¢ el 3p el 34 | | PO

43 42

I 4H4G4F 4E4D4C4B4A

100mm? , 0.82km/cable

300mm?, 0.82km/cable

iFeedert
Le—

Offshore substation converter /

69/82

MVDC-side HVDC-side
Ty | o e % h
” %ﬁm ‘
} e e
m MMLC-Based MF Isolation

(II{IZP{[\



=IC I~ Power Electronic Systems 70/82 —
I" = Laboratory

» 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. 220V)
m Very Well Suited for MV-Connected SST-Based Power Supply
Power grid ¢ (as grid

~ Conversion into electricity —

Storage of electricity

Combined cycle
plant/CHP

Electrolysis/ H,
o fan

Methanization

(0O, Jrmsiliemp | O, tank CH,

:i

— Hydrogenics 100 kW H,-Generator (n=57%)
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» Subsea Applications - 0il & Gas Processing

m ABB’s Future Subsea Power Grid - “Develop All Elements for a Subsea Factory”
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» Future Subsea Distribution Network

m Transmission Over DC, No Platforms/Floaters
m Longer Distances Possible
m Subsea 0&G Processing Ongoing |
m Weight Optimized Power Electronics / —
o
é T
@
Q.
[12)
—~—
n
3
:Sumiuion transmisson 3
Step-Up
transformer
Long AC
Q&G processing cables
ZZPiarf:Lrg;lgaters : Siibsea (cn
Power su 2
pply g
Platform based power : Q
i Long distance power
generation or power R
from shore Step-down
transformer
ABB investing in subsea electrification & automation ':p'g';d
solutions to enable future subsea processing machine
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» Future Hybrid & Distributed Propulsion Aircraft

m Cut Emissions Until 2050

— €0, by 75%,
— Noz( by 900/0, Source:
— Noise Level by 65% EADS

Future Hybrid
Distributed Propulsion Aircraft

» Eff. Optim. Gas Turbine
» Distrib. Fans (E-Thrust)
» 1000Wh/kg Batteries

» Supercond. Motors
» MV Power Distribution

ETH:zurich
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» Future Distributed Propulsion Aircraft

Superconducting-motor-driven
fans in a continuous nacelle

Fan-speed o
motors —  Distributed
fans

High-speed HTS
!

generator — e|eCtl‘Ica|
y b = Power ' -
! 1 converter
' — g U®
A 4

Wing-tip mounted
superconducting
turbogenerators

-
S
7

Turboshaft Cryo |
engine cooler(s) I .
|
Cryo "
cooling ~
L
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)
CRERA —
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» Future Naval Applications

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

Source:
General Dynamics

i

Energy )AD

Input
Convert
Ship onverter Energy Magazine Specific LoAp
Topology to be determined
redundancy is included
although not specifically LoAp
depicted

Power

4]

LOAD

Energy Magazine Energy

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

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

6kV DC/DC SST for
Size/Weight Reduction

Dorrey (2009)

o |
A
= =

- <

Energy I LOAD |

Il Input

e e
ship | | onverter Energy Magazine Specific Loap
bower Topology to be determined

redundancy is included
although not specifically Loap |

depicted

Energy Magazine Energy

» “Energy Magazine” as Extension of Electric Power System / Individual Load Power Conditioning
» Bidirectional Power Flow for Advanced Weapon Load Demand
» Extreme Energy and Power Density Requirements
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Research Areas
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» SST Ends the “War of Currents”

? Thn \/ K— L \\I\il Lmlu— IL\L .1.1-.} h

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:

Battery-Powered  Fuel and Solar Cells Light Emitting Diodes
Devices

THOMAS EDISON

o e

Tn:-m.:c Edison, the youngest in his
tamily, didn't fearn to talk until
v.nr almost 4 years old.

Edison promised Tesia a generous reward if he could smooth
out his direct current system. The young engineer taok on the
mment and ended up saving Edison more: than $100,000
ns of dollars by today’s standards). When Tesla asked
intful compensation, Edison declined to pay him
Tesla resigned shorth and the elder inventor SB«.nI the
est of his Ife eampalgning to discredit his counterpar

1847

Milan, Ohio
Wizard of Menlo Park

Home-schooled and self-taught

Mass communication and business

Trial and error

DC (Direct Current)

Incandescent light bull; phonegraph; cement
making technology: motion picture camera;

DC motors and electric pawer

In order to prove the dangers of Tesla's alternating

current, Thomas Edison staged a highly publicized
tion of the three-ton elephant known as
She died instantly after being shocked with

1951 —Passed away peacefully in his New

Jersey home, surrounded by friends and family

MASTER OF LIGHTHING K c PBS.0RE

Electromagnetism and electromechanical engineering

ALTERNATING CURRENT

Electric charge periodically reverses direction and
transmitted to customers by a transformer
that could handie much higher voitages.

Alternating turrent runs through:
W @

Car Motors Radio Signals

1858

Smiljan, Croatia
Wizard of the West

Studied math, physics, and mechanics at The Polytechnic Institute at Gratz
Thomas Emmn Ssond s poer mation | 52
Getting inspired and seeing the invention in his mind in detail before fully constructing it 113 ed to only provide alternating current.
AC (Alternating Current)

= Tesla coll - resonant transformer circuit; radio transmitte
fluorescent light; AC motors and electr
a2 power generation system

0

1943—Died lonely an

I Nobel rize for ther strdes i physics, bu ulimately, nether won
Room 3327 at the New Vnrk!r HDl!V ch

Itis 0 hav aused by their animosity towards
ikl S bl Gl i et bt

OLLABORATION BETWEEN GOOD AND COLUMN FIVE

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

ETH:zurich
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» The Solid-State Transformer Hype

m Large # of Publications ! 700
B Research on Main

Application Challenges

Currently Largely

. o
Missing X
xe
X X X X O w0 o [Xg]
O I~ 0 o © o — i
S o O O ©O o o o
— - AN N N N

N
Peak of Inflated
Expectations
Plateau of
Productivity
2
S
'§ Slope of
_ Enlightenment
i | Trough of
» Protection (?) | Technology Disilusionment
» Control in Active Grids (?) | Trigger
» System Level Adv. (?) || s MR

Maturity

TcRERA -
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» SST Applications - The Road Ahead

m NOT (!) Weight / Space Limited m Weight / Space Limited
m Smart Grid, Stationary Applications m Traction Applic. etc.
o AC/AC e DC/DC
- Efﬁael;fcy‘fl'll:llen%e trol b ° AC/DC
- More Eff. Voltage Contro
* Tap Changersg y e AC/AC

* Series Regulators (Partial Power)
- Not Compatible w. Existing Infrastr.
- Cost / Robustness / Reliability

- Sw. Frequ. as DOF of Design
- Low Weight/Volume @ High Eff.
- Local Applic. (Load/Source Integr.)

Efficiency Challenge more Balanced
“Local” Applic.
Cost / Robustness / Reliability

DC/DC

No Other Option (!)
MV DC Collection Grids (Wind, PV)
Sw. Frequ. as DOF of Design

TcRERA -
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» SST Development Cycles - Outlook

Innovation

\ 4. Wave o
SST Applications ,*
& Products
3w Traction
. yvave
Advanced SST
Concepts
2. Wave (HV-SiC) ",
Modular SST Concepts and \
Prototypes for Traction ;
(S IGBTS, LV-SiC) 2. Wave (Grid)
1. Wave Appl. in Datacenters G ,d
MF Isolation Concepts », and Microgrids n
for Tracti : "
((T)L ;iizfsr; 1. Wave (Grid) .
y SST Concepts for Smart Grid
/ / " iaw
>
1970 2000 2015 2025

m Development Reaching Over Decades — Matched to “Product” Life Cycle
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“Hybrid” Transformers
m Combination of Mains-Frequ. Transformer & SST
m Fractional Power Processing = High Efficiency
m Low Blocking Voltage Requirement
m Simplified Protection
T [l O
i ‘ H
uy | iir ' Ac /T4 pe U
v RN pe| |/ ac| ¥

l Uy Ny

]

DC

Il
Il
Il
Il
Il
I AC
Il
Il
Il
I

— Reactive / Harm. Curr. Inj.
— Volt. Cntrl / Phase Shiftg

>

e

» Shunt Connection » Series Connection » Combined Connection
— Reactive Current Inj. — Reactive Voltage Inj.
— Harm. Curr. Inj. — Phase Shiftg / Volt. Cntrl

ETH:zurich
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» Current SST Research Status

Done!

To be
Done...

m Huge Multi-Disciplinary Challenges / Opportunities (!) are Still Ahead

ETH:ziirich CRERA —




-1C I Power Electronic Systems
I = Laboratory

ETH:zurich

Thank You!
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Questions

[-"3; y
BA

www.pes.ee.ethz.ch/publications.html
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