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Transformer History
Henry / Faraday

Property of Induction

(No Modal.)
M. VON DOLIVO-DOBROWOLSKY.

Fe rra nti ) ELEGIRICAL INDUGTION APPARATUS 0 TRAFSTORMER,
No. 422,746, - Patented Mar. 4, 1800,

Early Transformer
Gaulard & Gibs

Linear-Shape Xfmr (1994, 2 kV, 40 km)
Blathy / Zipernowksi / Déri
Toroidal Core Xfmr

Stanley (& Westinghouse)
Easily Manufact. Xfmr
(15t Full AC Distr. System)

Img.: IEE
NY Monitor

Dolivo-Dobrowolsky
- Three-Phase Transformer
1t Complete AC System

(Gen. + Xfmr + Transm. + El. Motor+ Lamps, 40 Hz, 25 kV, 175 km) ‘i%ii‘i‘f%ﬂ, ;;/; fj;;‘@_

[Stanley1886, Dobrowolski1890]
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Transformer Basics (1)

m Voltage Transfer Ratio

m Current Transfer Ratio

m Active Power Transfer

m Reactive Power Transfer
m Frequency Ratio

Fixed
Fixed
Fixed (P41 = P5)
Fixed (@1 = Q3)
Fixed (f1 = f3)

Resistive Load

i o |
L w2 i~ M
! N u u
u1=u1 —_ 1 2
1
o o u2~

m Typ. Operating Frequency
m Typ. Operating Voltages
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Kapp’s Triangle
=1 (Winding Res. and Stray
Ind. Exaggerated)

50/60 Hz (Power Grid, Traction) or 16.7 Hz (Traction)

6...35 kV (Power Grid)

400 V (Power Grid)

15 kV or 25 kV (Traction)

Reverse Power Flow

ETH:zurich
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Transformer Basics (2)

m Construction Equations
\/ianafol

e 21,
W kW]rms

® Core Area Ac

Ny

S
m Area Product A-Aw X

oW kW]rmsBmaxf
S Rated Power (S = U,/,)
kw Window Utilization Factor
Bn.x Flux Density Amplitude
Jims  Winding Current Density
f Frequency

S S
m Construction Volume AcAw o« L* °<]_c > VI3« S
for given B, Jrmer Kw

max’ < rms’

ECCE 265 5. :
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Transformer Basics (3)

m Advantages

Vacuum Cast Coil Dry-Type
Distribution Transformer

e Relatively Inexpensive

e Highly Robust / Reliable

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

m Weaknesses

e \oltage Drop Under Load

® Losses at No Load

e Not Directly Controllable

e Sensitivity to DC Offset & Load Imbalances
® Sensitivity to Harmonics

1MVA-12kV /400 V @ 2600 kg
e Low Frequency = Large Volume and Weight 0.2%/1% Losses @ No/Rated Load

=) 4
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Classical Traction Vehicles

m Isolated AC-DC Conversion < Catenary

e Catenary AC Voltage 15 kV or 25 kV
® Frequency 16.7 Hz or 50 Hz

15 kV, 16.7 Hz
® Power Level 1..10 MW typ.

Cb Rail

m Volume & Weight Constraints

kw <1
A~A S Jne  “Soft” Limit: Losses / Cooling
caw & kw/msBmaxf B..x Hard Limit: Saturation
f Fixed

= Volume & Weight Reduction by Increasing J. . (the Only DoF!)

rms

e Current Density 6 A/mm? (2 A/mm? Typ. for Distr. Transf.)
e Efficiency 90...95% (99+ % Typ. for Distr. Transf.)
e Power Density 2...4 kg/kVA

BCCE 26554
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Motor

DC

AC

Img.: www.abb.com
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Next-Generation Traction Vehicles (1)

m Isolated AC-DC Conversion atenary SST Motor
e Catenary AC Voltage 15 kV or 25 kV ; AC """""""""" A C """ : Unc e
e Frequency 16.7 Hz or 50 Hz 15 kv L, | - R
e Power Level 1..10 MW typ. 16.7 Hz : ’ :
Cb AC DC AC
Rail f>>16.7 Hz

m Power Electronic Converter Stages Unlock f as DoF
® LF Transformer =» Medium-Frequency Transformer (MFT)

16.7Hz 50Hz
100
ACAW X P
kw/rmsBmax/ = 80 Too Op.tlmlS.th.
= 60 - Isolation Distances
= Volume & Weight Reduction by Increasing f E 40 - Thermal Limit
S - Etc.
20
m AC-DC SST with MFT and AC-AC and AC-DC Conversion Stages 0
e Volume/Weight Contribution? 10 100 1000 10000 100000
e Overall MVAC-LVDC Efficiency? Frequency [Hz]

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Example: Next-Generation Traction Vehicles (2)

m Drivetrain Loss Distribution of Conventional & Next-Generation Traction Vehicles

Catenary P Vi :
< Motor A Conventional TPy,
Upc V,i,LFT
- AC DC
“ AC/DC——
’ DC AC | .
d) Rail S—[ST ------- 2 Pyisst
— AC/DC
"

Catena
< Y SST Motor LF Transformer —

m Key Motivation for SSTs: Space/Weight-Limited Applications
e Medium Frequency Provides Degree of Freedom = Allows Loss Reduction AND Volume Reduction

EBCCE28:5.
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Example: 1.2 MVA AC-DC Power Electron. Traction Transf.

m 15 kV, 16.7 Hz AC Input to 1.5 kV DC Output / Silicon IGBT Technology / Modular Topology

m Significant Efficiency Improvement (+2...4 %)
m Significant Weight Reduction (0.5...0.75 kVA/kg vs. 0.2...0.35 kVA/kg for Conventional Traction AC-DC Conv.)

MVAC - LVDC Efficiency

(%]

il ool cocrmin: {... = =— MV PETT with 9 cells _
: i =——— MV PETT with 8 cells

0 200 400 600 800 1000
Output Power [kW]

m World’s First Locomotive with an SST (2012) / Field Test on Swiss Railway System > 13’000 km

[Zhao2014] 11
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Traditional AC-AC Grid Applications

m Power Transformers Typ. w/o Volume/Weight Constraint > High Efficiency of 99+ %

N = oA
MVAC o— o | | B ARel. Losses
o (o °C
---------------------- N R | I B
— DC-AC
— AC-DC
SST ~1% o —
T S -: — MFT
o—gAC AC ; o A
MVAC o— ** °B LFT _| ACAC
—/ AC ACF °C |
Srmmrmmmmmsmssossssocsooocosoooosooosossossooeoes | . o N

m SST Efficiency Significantly Worse (Two Power Electronic Conversion Stages!)
m SST Functionality Significantly Higher = Not a 1:1 Replacement!

ECCE 2650,
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Example: 1 MVA, 20 kHz Solid-State Power Substation

m 1 MVA, 13.8 kV to 270 V Single-Phase Demonstrator / One Phase-Module of a Three-Phase System

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

m DCX Isolation Stages w. ZVS 2 20 kHz Transformers CREE <

&

m 4 Modules w. 10 kV SiC MOSFETS / Input Series & Output Parallel

N
i §
—

B —
[
-
[
—
—
L
I1¥F

o
hi §

—_—
.
i
(S
ey
L
P,
I1¥

® 97% Efficiency at 855 kVA / 3 x Losses of LFT w. 99+% Efficiency
e —70% Weight & —50% Volume Compared to LFT / Limited Gain Despite 400 x Higher Transformer Freq.

m.; i ﬂQ 2 [Das2011, Beermann2012, Raju2014] 13
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Advanced (High Power Quality) Grid Concept

m Heinemann / ABB (2001)

Smali Distributed

Generation Units
Sct of Diswributed Resources == ,";
k fF -" - . /
) AN v i

: | e

| A ——— —————— — Rural Areas
Secondary Substation Sccondary Substation
=7
- —LG
] 1 .2 Fuel cell
. . Small Distributed
: : [ | Generaiion Units
T ! : [ : R E S ———
i ==
i : | S | : 1 DC Lowds
¢ HV/MV Trensformer LV DC-Link - {aption)
uV-Feoder | : Ny ! 1 A =m0,
11
Sivg 5 vel BELTNE B3 23 211 S A
1
! | ; . .;[/ 1 Procceie]
¢ — AC Loads
| 'i’ = _E_I.._
1
! : _ ]
[ r— Storage /- II ot AC
e.. Fiywheel ) Loads Office Buildings, Banks, Malls,
I % —%—.‘* . A Hospitals, Industry....
1

= N
Secondary Substation with MY/LV Power
Electronics Transformer

| | Conventional Secon-
| | dary Substation
1 |

® 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

mnﬂm [Heinemann2001]

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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FREEDM System

ETH:zurich

m Future Ren. Electric Energy Delivery & Management System (Huang et al., 2008)

m SST as Enabling Technology for the “Energy Internet”
e Full Control of the Power Flow

e Integr. of DER (Distr. Energy Res.)

e Integr. of DES (Distr. E-Storage) + Intellig. Loads

® Protects Power System From Load Disturbances

e Protects Loads from Power System Disturbances

® Enables Distrib. Intellig. through COMM

e Ensure Stability & Opt. Operation

® etc.

® etc.

IFM = Intellig. Fault

Management
12 kV ACB
IFM ' = {iIFm
COMM I
SST
400 V DC Bus 120V AC Bus
> 1 ! <
OO0 O]
$%% § 0§ ¢
B o - -l |
5 @) Q Q
0 <L <

m Bidirectional Flow of Power & Information / High Bandw. Comm. = Distrib. / Local Autonom. Ctrl.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

[Huang2009, Falcones2010, Huang2011] 15
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Functionality for Future Grids

e MVAC-LVAC | Note SST with Add. Functionality!

— o] oA —HAC AC —E—OA
AC o—l; - B AC o— * * —°B
o - —1|/ Ac AC—C
oN T I—o ...... . N
e MVAC-LVDC (Energy Storage, LVDC Grids)
o Cwm] —wm[AC /—DC+ ifAC f—— —] AC /l—DC+
AC o [omm | | — AC **
—'wm ! L /pDcj—DC- —1/ AC bc f—DC-

Note: SST with MV-Side PFC Stage

e MVDC-LVDC for Future MVDC Grids

—{DC AC /f—Dc+
DC H
—1/ AC DC [ DC~

m Key Motivation for SSTs: Functionality & Enabler for DC Grids

BCCE 26554
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Rel. Losses

~2% T
—DC-AC
— AC-DC
~1% T
— MFT
LET -~ TAC-AC
Rel. Losses
~ "o/ 1
2% - AC-DC
AC-DC - MFT
L DC-AC
~1% T
LFT _|_ — AC-DC
Rel. Losses
~2% T
~ 10, 1
1% — AC-DC
— MFT
—-DC-AC

ETH:zurich
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Remark: Hybrid Transformers

m Shunt

Reactive Current Injection
e Power Factor Correction ® Phase Shifting
e Harmonic Filtering
® Flicker Control

e Shunt Conv. Volt. Indep. of V,,

I

Vmy

m Series m Combined

Reactive Voltage Injection
e Power Factor Correction
e \oltage injection e Harmonic Filtering

e AC Regulation

A

o

® Phase Shifting

-}

e Flicker Control

O €«=—— O

[

AC

DC

(L

T

]

DC

E Viy
E:Ac DC
DC

AC

Q
=
<

PR

HH

[+]

24

l Viy

£

AC

DC

(L

T

0

m Fractional Power Processing = Power Electronic Stage Processes Only a Fraction of the Power/Voltage

BCCE 26554
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[Bala2012, Burkard2015]
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Global Megatrends & Intended SST Applications

— Renewable Energy

18
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Wind Energy

m Power prop. to D> - “Bigger is Better” / Lower Relative Costs
m 50 kW (D =15m) in 1980 = Up to 20 MW (D = 250 m) in Future

Empire State
Building
1,454t - 500
Eiffel Annual increase (GW)
I
) Tower
| 1,063 ft A 400
. Haliade-X ‘
853 ft r
¥ Tallest Block Island - - y
onshore offshore wind Previous year's capacity (GW) 300
Average US turbine project
onshore 574 ft 590 ft
Statue of 7 USturbine

— 200

Liberty 466 ft /\
305 ft

/# . I l ' F
: OFFSHO - . . l I I I I 0

Source: GE, Vox research 2001 > 2009 > 201 7
Year

19
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Wind Turbine Electrical Systems

m 690 V Electrical System = Cabling Weight/Costs & Space Requirement
m Future Local Medium-Frequency Conversion to Medium-Voltage AC or DC

LVAC
43 | LVAC Cable 43 MVAC Cable 42 | MVDC Cable
AC
DC
u
DC
AC
T MVAC T MVAC ~ MvDC
Convention / On-Shore Future MVAC / Off-Shore Future MVDC / Off-Shore

EBCCE28:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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AC vs. DC Power Transmission (1)

m DC Voltage Ensures Max. Utilization of Isolation Volt. -> Highest Voltage RMS Value / Lowest Current (!)
-> Lower Losses & Less Conductor Material!

U3 O el

-

©|vic

. i
lUDc

Note: Only 2 (!) Cables with Same Cross
Section / Lower Realization Effort for DC!

2
P 3 (U —~

v.be = —- <ﬂ> = 0.75 with UDC = UAC = \/EUAC
Pyac 2 \Upc

m DC Voltage Level Transformation Requires Power Electronics Interface
m DC Fault Current Clearing is Challenging (Missing Regular Current Zero Crossing)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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ETH:zurich
AC vs. DC Power Transmission (2)

m AC Cable — Thermal Limit Due to Capacitive current @ L =0

=0 (i.e.,, DC)
x=0 x=1L f|AC
fic acx=0 | .
: PN _Jac
Upc| O TG =GL R L/ACNy \ 2
0 ; .
0 L

m HVDC Transmission — Advantageous for Longer Distances

]

I

l
—

AC
DC AC

AC DC
AC T@———-— HVDC -
1

4 Terminal
1

Distance
1
LLFAC LDC LDC

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

ECCE28

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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MVDC Break-Even Distances

m MVDC Break-Even Distance is Shorter than for HVDC (typ. 50 km, Submarine Cable)
m Criteria: Efficiency/Losses (not Cost) / Identical Cable Cross Sections Considered

l%{]opean efficiency based break-even distance of a 17.3MW radial PV collector
100 ?//v;/g;/g/ IR N ' —— ! ‘ ‘
/ i cabie
90 /?r//; ﬁ ) Uac=10kV /Ude=+/-10kV 600 | |~ DC cable+ AC-DC station a8
/ G Uac=20 kV / Udc=+/-20 kV — A C cable Br
80 % - Uac=33 KV / Ude=+-33 kV |1 A
70 ) 05 . 5500
= f: /777/ 8
g o0f ’/,,ﬁé /fm?" 1 £ 400
8 s0 s ///// /////////// // ///g//;é ] 5
£ e ///4 Yy ] 2 300
2w 7= :
/ ¢ / %
30 T = 200
20 .
100 |
10 1
0 U i i L L
60 5 10 15 20 25 30
Power [MW] Distance(km)
® Point-to-Point Connections e Radial PV Collecting Grid (10 kV, 17.3 MW)
- Power Limit: 1 kA Cable Current - EU Weighted Efficiency / Losses
- Distance Limit. 5% Losses - Stochastic Distribution of Sources in Grid
— 2 Converter Stations - 1 Converter Station

m Break-Even Distance Increases with Voltage & Decreases with Power (Except for Low Power: Cap. Current)
m Low-Output Conditions of Renewables (e.g., PV) Increase the Break-Even Distance

[LeMétayer2021] 23
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Off-Shore DC Collector Grid

m Conventional AC Collector-Grid

AL O——
T | LET
DC AC o 2
LFT | [ HvDC
@AC T./DC @
DC AC

m MVDC Collector-Grid

MVDC

SST
e T e +2

@AC AC SST
L/Ac Q e D =
o = DC AC/] 2
e —O)— —F+—e HVDC
TaC AC AC DC

C AC Q DC
SST

e DC-DC SST — Wind Turbine DC-Link to MVDC Collector Grid - Lower Losses (1%) & Volume
e DC-DC SST — MVDC Grid to HVDC Transmission - Lower Losses (1%) & Volume

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Utility-Scale Solar Power Plants

m Medium-Voltage Power Collection and Transmission

e Globally Installed PV
Capacity Forecasted
to 2.7 Terawatt by
2030 (IEA)

25

ECCE28

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13



S1C I Power Electronic Systems
 J Laboratory

Future DC Collector Grid

m DC-DC SST for MPPT & Direct Interfacing
to MV Collector Grid

m 1.5% Efficiency Gain Compared to Conv.
AC Technology

ECCE 2040

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

13

S

High-Voltage Transmission Grid

AC ———
LFT
99 %
AC 4@7 ’ Medium-Voltage
Collecting Grid
AC AC
98.5%
DC DC
e
DC DC
99%
DC DC

Medium-Voltage AC

|

DC I%I

Conventional

: L Low-Voltage DC
LR

AC

99%
DC
o pc/]
‘L AC AC
SST é SST ¢
[AC AC
‘/DC DC

Future

ETH:zurich
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Global Megatrends & Intended SST Applications

— Digitalization

27
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Hyper-Scale Datacenters

m MV (kV) 2 Power-Supplies-on-Chip (< 1 V) Power Conversion Server-Farms
m Short Innovation Cycles 55,0555 jp to 45‘; 2”'/”
. ere , %, i.e., <30s/a

m Modularity / Scalability $1.0 Mio./Outage
Since 2006

Running Costs > Initial Costs

e Higher Availability

e Higher Efficiency

e Higher Power Density
e Lower Costs

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Mi an,USA @ct.9-13

ETH:zurich
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Future Modular SST-Based Power Distribution

m Reduction in Losses & Smaller Footprint / Improves Reliability & Power Quality

PDU : Rack Server

LFT

- 380..410V
Conventional 351“’@ , 480V |AC DC 480V @ 208V AC pDC  |DC/ 12V
3 3 AC /| | [ac AC AC L¥ DC l Dc| pc

O
H
=
<
z

. Rack Server
AC SST PDU s«
‘ A A ae A ; r»¥
Future LVDC Distribution e t16kV |, [AC ac/] , 400V 400V DC/) 12V
3 AC ‘ 3 i /AC © DC|! >  DC l_¥ DC DC| DC
s e
Rack IT load
AC S—-S-I ------------------------------------------
; 416kV - 4.16kV [AC ac/] 48V
. A /I / : :
Direct MVAC = 48 V DC Conv. 4 e 4 ® 4 8
.

e MV > 48V —> 1.0 V- 0nly 2 Conversion Stages from MV to CPU-Level (!)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Global Megatrends & Intended SST Applications

— Sustainable Mobility

30
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THE .

The

LECTRIC

1920
Advertisement

} AN EVEN FINER
. DETROIT ELECTRIC

This year's model is o worthy suc-
cessor to the long line of cars which | %
have maintained Detroit Electricdomi- |
nance. A perfect harmony of line— 2
groceful, distinctive, yet dignified; an

exceptional riA.ing comfort; an artistic
selection in upholstery and interior fit-

tings which combines beauty, luxury, |

Bl and comfort.
[ Already those who have scen this [
F’ﬂ‘ new model cre scclaiming it the finest

.:R}l car of any type yet produced for city |6
2 and suburban use.  You, too, will be I S
delighted with it.

This new Detroit Electric is on ex-
habition in the showrooms of leading [f
distributors the country over. Seeit |
and enjoy a thorough test of its riding |

i

=

o

i Wi L e Anderson Electric Car Company
H@J ﬁf::d)é‘:i nn;:r’h Sm?;!efi;::e ,

i e 1907...1939 / 13’000 Cars

!’é] DETROIT ELECTRIC CAR |;

COMPANY
MICHIGAN |

s, ) e 80 mi (130 km) per Charge
~—_ e 20 mph (32 km/h) Top Speed

31
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Electric Vehicle Outlook

m Bloomberg NEF — By 2040 — 57% of All Passenger Vehicle Sales
30% of Global Passenger Vehicle Fleet

Global long-term passenger vehicle sales by drivetrain

Million vehicles

Electric Cars Will Win on Price 100
Falling battery prices undercut gasoline cars by mid-2020s

$45K
80
40
35
30 Electric Car Costs: 60
25 e Battery N PHEV
20 | B | = == Powertrain 40 W BEV
15 ma Vehicle
10 == Gasoline Car 20 I
0 O "‘;"FE'IE‘?!T!'?!‘(!?!"T! !J("IXII’ g 1 S | e
2016 2018 2020 2022 2024 2026 2028 2030 2015 2020 2025 2030 2035 2040

Source: BloombergNEF

e Falling Battery Costs > Price Parity of EVs and ICE-V by Mid-2020s = Tipping Point for EV Industry

32
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EV Charging Anxiety

m 200+ Miles EV = 50+ kWh GhargePoint
stations
(projected
ac Home rowth
Charging (7.2 kW) 500 growth)
8
dc Fast (50 kW) 72 s
o
o
Tesla Supercharger 27 o
(135 kW)
dc Ultrafast 10
(350 kW)
0 100 200 300 400 500 600
(min)
Public
chargers
System worldwide Kilowatts Availability
Combined 22,000 50-350 United States,
Charging European Union,
System (CCS)* Australia, Korea
China GB/T 330,000 2375 China, India
Supl—fcsil\az-lrger 13,000 135 Global
e 350 kW Extreme Fast CHAUEMD Tes
. , : Supercharger CHAdeMO 25,300 50-100 Global
Charging (XFC) S g
9 Only 10 mln Charg- Tlme g::)al:glei:ebr:ggrl:‘ohcy; *North American and European versions are not compatible. S
2019 2025
Source:

ChargePoint

33
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Bidirectional MV Interface for Ultrafast EV Charging

: LET
m Conventional N i e [:_—3
3 @ DC DC = -
m Future SST
[AC AC/) DC O
AC—F —O)— ; =
3 i AC DC| DC e
SST
ae A ¢/l —AC [
31| /De AC DC S — o

e On-Site Power / Energy Buffer - ,Energy-Hub”
® Power / Energy Management —> Peak Load Shaving & Grid Support / Stabilization

ECCE 2650,
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Air Transportation

m Massive Steady Increase of Global Air Traffic Over the Next Decades
e Need for 70°000 New Airliners over the Next 20 Years (Boeing & Airbus)
e Stringent Flightpath 2050 Goals of ACARE = Reduction of CO,/NO,/Noise Emissions

GLOBAL AIR TRAFFIC (TRILLION REVENUE PASSENGER KILOMETRES)

Traffic is expected to double in the next 15 years

e — _%; e e ICAO ot traflc | Alrbus forecast 2015 ———

T 2014-2034
" — ;;%; S — %

O = N W kA 000 N © O

1974 1979 1984 1989 1994 1999 2004 2009 2014 2019 2024 2029 2034

Source: International Civil Aviation Organization (ICAQ)/Airbus 2015
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Future Aircraft Concepts

m Cut Emissions Until 2050

e CO, by 75%,

e NO, by 90%,

e Noise Level by 65% NASA N3-X Vehicle Concept

Turbo
Generators

E-Fans /
Continuous
Nacelle

m Wing-Tip Mounted Efficiency-Optimized Gas Turbines & Distributed E-Fans (“E-Thrust” & Thrust Vectoring)
m MV or Superconducting Power Distribution with Integrated 1000 Wh/kg Batteries (EADS-Concept)

TP Q 1

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Future Aircraft Electric Power System

m MV or Superconducting Power Distribution with Integrated 1000 Wh/kg Batteries (EADS-Concept)

Storage = = | Storage
Batt. 1 l Gas Turbine 1 Gas Turbine 2 l Batt. 2
SST DC “““ DC “““ : SST
AC S/G 1 S/G 2 AC
14 thrusters ]
(superconducting turbo- : 3 3 i
machines) :
ilac AC AC ‘|AC
DC|: DC DC ‘L DCJi
£1.6kVDC I SCB 1 SCB2 T ST £16kvV DC
T 1 1 1 A — i I R R
. — b T k T k — ©SST
Superconducting gas DC DC DC SST§ DC/|: |DC ESST SST; DC /| {IDC /| DC DC DC
turbine-generator set { : ' : H ; H :
AC AC AC IAC: [ ACH: [/ AC: ‘ACH: AC AC AC
ac/|i  i[ac/] AC AC
/peli i Ac) /Ac]: DC
Prop. Prop. Prop. R ' o [ """ 230V AC o [ """"""""" Prop. Prop. Prop.
Fan 1 Fan 2 Fan 3 l l X l ] Fan 4 Fan 5 Fan 6
DC DC
+270V DC +270V DC
l l DC DC l I
28V DC <
e Generators — 2 x 40.2 MW (NASA)
® E-Fans — 14 x5.7 MW (1.3 m Diameter)  GPUI ! Aox Ru 1 Aux. Ba 2 o GPU2
ECCE a8 .
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Sustainable Maritime Transportation

m 80% of All Globally Traded Goods Transported by Ships

e IMO - Ship Energy Efficiency Management Plan (SEEMP) & Energy Efficiency Design Index (EEDI)

e Crude Oil 2 New Fuel Types (LNG)
e Fully-Electric Port Infrastructure 0000

60 000
50 000
40000
30000

20000

Billions of Cargo Ton-Miles

10000

0
2000

Chemicals [l 580 589
Gas | 576 591

0l [l 9614 9303

Other dry cargo 4233 4245
Containers 3111 3279
Minor dry bulks 6638 6573
Main Bulks [ll 6509 6793

620
611
6938
4414
3512
6538
6937

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017° 2018

632 650 676 713 747 750 783 848 888 003 625 920 961 993 1058 1111
662 717 735 833 913 056 058 1148 1344 1333 1337 1381 1421 1462 1595 1766
9665 10348 10654 10984 10981 11211 10679 11255 11420 11 831 11657 11659 11903 12657 13216 13809
4150 3920 3818 3712 3257 3517 3481 3723 36456 3705 3023 4065 4130 4242 4384 4497
4124 4687 5158 5601 6178 6431 5815 6588 7206 7352 7712 8157 8200 8635 9117 9536
6965 7876 8170 8852 9160 8817 7586 8705 9312 9624 10172 10617 10775 11018 11510 11 967
7448 8061 8626 9245 9941 10476 11006 12336 13019 14099 14764 15828 15897 16 314 17217 17729

m Worldwide Seaborne Trade > 60’000 Billions of Cargo Ton-Miles

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Hybrid Diesel-Electric Propulsion

m No Mech. Coupling of Propulsion & Prime Movers (DGs) = Eff. Optim. Load Distrib. to the DGs

m Energy Storage (Batt., Fuel Cell, etc.) .
® Peak Shaving s mEsaBlis

e Opt. Gen. Scheduling
e High Dyn. Performance

60 Hz MV AC Bus MAC/SOH:z ¢ 1 | MV AC/60Hz
* U >'< | é é X% X x *
AC AC AC AC AC AC
AC 1 DC DC DC DC DC DC AC?2
LV R LV
DC DC DC DC DC DC
AC AC DC DC AC AC
| |
o o
I ES 1 ES2 |
PM 1 ‘3‘ ‘3‘ PM 2

39
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Shipboard DC Power Distribution

No Mech. Coupling of Propulsion & Prime Movers (DGs) = Eff. Optim. Load Distrib. to the DGs
Energy Storage (Batt., Fuel Cell, etc.)

Peak Shaving

Opt. Gen. Scheduling
High Dyn. Performance

Photo: MAN

440V /60Hz 440V /60Hz

m 1kV,<20 MW or 1..35kV, 20...100 MW DC Distribution (Radial or Ring, Central. or Distrib.)

40
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Cutting Emissions & Noise in Airports & Harbors

m SST Medium-Voltage Interfaces
e Voltage Level / Frequency Adaption
® Low Space Requirement

m Ground Power Supply of Aircraft 2 APU Turned Off

AC I[AC o1 115 V/200V
SOry 4 Aac Ac| 3 400 Hz
""""""""""""""""""""" (1)
m MV-Level Shore-Side Power to Docked Ships (“Cold-Ironing”)
- Diesel Aux. Engines Turned Off -ﬁ—
[CIIIIIITD

fol R 0

AC : , Z

S0Hz 3 i /AC ACli 3 ®

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Global Megatrends & Intended SST Applications

— Urbanization

42
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Urbanization

m 60% of World Population Exp. to Live in Urban Cities by 2025
m 30 MEGA Cities Globally by 2023

Smart Buildings
Smart Mobility
Smart Energy / Grid
Smart ICT, etc.

Los Angeles, US
12 3m13.2m

Mexico City, Mexlm 13.1m 24.2m
21m 23.8m

Bogota, Colombia
9 7m11.9m ,
Lages, Nigeria |_. 7.3m 10.5m

KEY

Current megacities
2015 population
2030 population
Future megacities

2015 population
2030 population

Moscow, Russia
12.1m12.2m

Chongging, China
London, UK Dehli, India 13.3m 17.3m -
New York, US 10.3m 11.4m 25.7m 36m Beijing, China
185m 19.:5m Karachi, Pakistan

: - 20.3m 27.7m
,
. 16.6m 24.8m
Paris, France
10.8m 11.8m Lahore, Pakistan
8.7m13m
Cairo, Egypt
18.7m 24.5m

Chengdu, China

7.6m10.1m Tokyo, Japan
38m 37.1m

o ng | S
9.2m 11.5m . ’ .

) Manila, Philippines
12.9m 16.7m

Ahmedabad, India

— A
Mumbai, India Ho Chi Minh City, Vietnam
21m 27.8m 7.3m10.2m

T )
Sao Paulo, Brazil Kinshasa, Congo Hyderabad, India
21m 23.4m Luanda, Angola 11.5m 20m 8.9m 12.7m
5.5m 10.4m
. Jakarta, Indonesia
Rio de Janeiro, Brazil Johannesburg, South Africa 10.3m 13.8m
I 12.9m 14.1m

9.7m 11.9m
Buenos Aires, Argentina
15.1m 16.9m

m Selected Current & Future MEGA Cities 2015 - 2030

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit,

hlgﬂn USA @ct.9-13
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Smart Cities / Grids / Buildings

m Masdar = “Source”

Full i leE i

m Fully Sustainable Energy Generation Masdar
e Zero CO,

® Zero Waste

m EV Transport / IPT Charging
m to be finished 2025

to Base | + Self-optimizing
Power 1. self.islanding
* Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, atc.)

to Base
Power

Power

44
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Smart Cities / Grids / Buildings

m Masdar = “Source”

m Fully Sustainable Energy Generation Masdar 6
® Zero COz cITY
® Zero Waste

m EV Transport / IPT Charging
m to be finished 2025

EPI2I | i Nt

to Base | + Self-optimizing
Power 1. self.islanding
* Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, atc.)

to Base
Power

Power

45
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DC Microgrids

m Local DC Microgrid Integrating Loads/Ren. Sources/Storage

m No Low-Voltage AC-DC Conversion = Higher Efficiency & Lower Realization Effort

Conventional

T MV grid

AC AC
DC DC

+

DC DC
C DC

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13

Future
TIimy grid
43
;AC ESST
/Aac
[ac
/bcj:
+380VDC 2
()
pc /] [bc /] [pc /] [DC
DC| | /Ac| |/ DC| |/ DC
= [=

ETH:zurich
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Part |
Introduction & Intended SST Applications

— Terminology
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Terminology (1): Origin of “SST”

United States Patent 9 (1] 4,347,474
Brooks et al. [45] Aug. 31, 1982

[54] SOLID STATE REGULATED POWER

TRANSFORMER WITH WAVEFORM <:I “Solid State Regulated Power Transformer...”
CONDITIONING CAPABILITY 3

[75] Inventors: James L. Brooks, Oxnard; Roger L . oo mm e M e -
Staab, Camarillo, both of Calif; ECVERTER . 3 !
James C. Bowers; Harry A. Nienhaus, o H it Ve ) ! 26

both of Tampa, Fla. .'/ tl o, o ~ !
[73] Assignee: The United States of America as o i \l\ [ \:\ )
represented by the Secretary of the so\::: : 4 Lg ' !
Navy, Washington, D.C. : e : i i |
f 1
[21] Appl. No.: 188,419 ..J._. }:____i__________-_ __________ ': __________ !

.. . i ) ]

[22] Filed: Sep. 18, 1980 ! 39 '

| : i

- %
36'\ . /'44 /42
PULSE
ot 0 L RS
Fig. l.
46 .
™ amel AGC
. LIM CKT. 60 Ee REF
m No Isolation (!) 1 T 190" OUT OF FRASE | Lyg
m “Transformer” with Dyn. Adjustable Turns Ratio T

ECCE 265 5. 8
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Terminology (2)

m McMurray Electronic Transformer (1968)

m Brooks Solid-State Transformer (SST, 1980)

m EPRI Intelligent Universal Transformer (IUT)
m ABB Power Electronics Transformer (PET)

m Borojevic Energy Control Center (ECC)

m Wang Energy Router

...

m Defining Properties

e Interface to Medium-Voltage
e Medium-Frequency Isolation
e AC or DC Input and/or Output

ECCE 2650,

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

Voltage Range

HV {

MV +

AR

ETH:zurich

—— AC Grids

1

HF AC Grids (e. g., Airplanes)

SSTs Slwitch-Mode Power Supplies
[ | ]
\I.i)“”l '.‘.\....I |||||||= ! ..).....I N .......l >
50 Hz 1 10 100 1000 kHz

Operating Frequency
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Part Il
SST Concepts & Key Design Aspects

— Medium-Frequency Power Conversion
— Power Semiconductors

— Key SST Topologies

— Medium-Frequency Transformers

— Isolation Coordination

— Protection

— Reliability

— Standardization & EMC

— Construction & Testing

50
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SST Concepts & Key Design Aspects

— Medium-Frequency Power Conversion
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A Brief History of MF Power Conversion

m Bouchérot (1914)
e DC-DC, Mechanical Switches
1,206,662, Patented Nov. 28, 1916,

. 2 SHEETS—SHEET 2.
Lig s,

6’1

I‘I’Ilzf‘il‘lll[l'

|

(1)
m D. C. Prince (1928)

e “Direct-Current Transformer Circuit

4

1Phase QAVANEINg Concenssrs

Fig. 7. Direct-current Transformer Circuit, Showing the Combination
of Rectifier Circuit (Fig. 5, on right) and Inverter Circuit
(Fig. 3, on left)

EBCCE28:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

m Hazeltine (1923)
e DC-AC, Mercury-Arc Valves

+ 300
Jaz
= ek : el e O
gitud 3.3 T (T T (1
L Dase RO B
= - & ¢ L7 L

m McMurray (1968)
® Electronic Transformer with Solid-State Switches

.. —%ﬁ Mp “ s /6—%'7
"\ ' _ o+
HJT A /5 A ”E:';— 7/7—- | \ 5 T
T L ‘ ‘ | zaJ:f’] I

[Boucherot1914, Hazeltine1923, Prince1928, McMurray1968] 52
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Electronic Transformer (1)
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, C1, 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 1968 W,-/ig: %ngrﬁ 2
are connected respectively to the load and to a D-C or ) : o b
low frequency A-C source through inverter configuration Filed April 16, : Y Baeata &, C-«ﬁ;oﬂ_
switching circuits employing inverse-parallel pairs of con- . s Attorney:
trofled turn-off switches (such as transistors or gate turn- ‘ F {g. /Q v
off SCR’s) as the switching devices. Filter means are

connecied across the input and output terminals. By syn-
chronously rendering conductive one switching device : l
in each of the primary and secondary side circuits, and : —{—/3 4 - —-'—
alternately rendering conductive another device in each ) /s )

switching circuit, the input potential is converted to a

. //\ - T e . iR
high frequency wave, transformed, and reconstructed at ("H[ ; . '/_ T

the output terminals., Wide range output voltage control : \
is obtained by phase shifting the turn-on of the switching
s

: —~/5 /27—
devices on one side with respect to those on the other Bt ; : ‘ e E
side by 0° to 180°, and is used to effect current limiting, ) ! : zz?
m Electronic Transformer ( f, = f,)

current interruption, current regulation, and voltage regu-
m AC or DC Voltage Regulation & Current Regulation / Limitation / Interruption

lation.

IBECCE25:0. [McMurray1968] 53
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Electronic Transformer (2)

m Inverse-Paralleled Pairs of Turn-off Switches : gg z ' /’/ _ \,\\
m 50% Duty Cycle of Input and Output Stage /_’;9-4_(&) H A X —
gé ”A\.\__,/// /\/
- Fea Y] W K B
A A rigdm TN
. PR 2 o 29 %z;, | _ § k V\l )
. ~ (73 ./4. @ . § |
oz T A gk: ' T v : -
7 ‘ 42 ' - L wR ! B 7
e/__w "1 4 Lz F7 3 n(lﬂ’\ﬂ[\ﬂﬂfliljh
T 27 T 4« 3} fg 4w §§ I) kl _ V
; E e ‘§§ .
2 m‘f}? b ; | |
IZ

a0z CONTROL Q3,05 . :
@3 0s cmcurr or,08 : A {g 4 ()
S PHASE . .

T swrren o s” :

&
&
&
DUTOUT VOLIAGE :
RN
— C
A"
‘ l
’
i ;
N

hahatdd " A’ ‘A aeb XV /ATAY ]
HORAUBDALY .

. Py
AT
— 01
;\\
N
§

Frg4@

OUTPUT VOLTAGE
(£5°PHASE SHFT - LEADUNS)  (05° PHASE SHIFT-LAG6INS)

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

ECCE 268 Evm— -
|EEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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Dual Active Bridge (DAB)
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Dual Active Bridge

United States Patent [19] 11} Patent Number: 5,027,264
DeDoncker et al. [45] Date of Patent:  Jun. 25, 1991

[54] POWER CONVERSION APPARATUS FOR . .
DC/DC CONVERSION USING DUAL ACTIVE <—  “_._ Dual Active Bridges ...”

BRIDGES
[75] Inventors: Rik W.DeDoncker, Niskayuna, N.Y.;  [22] Filed: Sep. 29 -1989
Mustansir H. Kheraluwala; - 1989
Deepakraj M, Divan, both of
Madison, Wis.
/20
Is —>
229 24>J 303) 3le To | 7
. ]
28 8 ¢ : : . : 8"
2 |27 A P 35 N D
. v : ' .i ,
Vol 4/ | S” Vort @ﬁ PQ : % ——
3% N
B 1 ! | |
23] 23| 1 Phase o oI L eTIN
| y{ Transformer ;le /1\33 /i i \lr\:/l | \ﬁl 6
I I ! | | | g

MOS-Controlled
)E Thyris?onrr{oM(?T} F[G 2
| T FIG. |

m Soft-Switching in a Certain Load Range
m Power Flow Control by Phase Shift between Primary & Secondary Voltage

mnﬂm [DeDoncker1989] 56
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Phase-Shift Modulation (1)

m Power Transfer Controlled Through Phase Shift Between MV and LV Bridges

o o L
T2, I I
b I
Uny p : L Uty Vi @ VFo
N HRN,
o N N N .
Fundamental model of the dual bridge dc/dc converter.
1.0 - == Fundamental model (d=1)
4 v _ ) Actual model (d=1)
p 3 —>
<—¢—)'|
Jet | » .
e s
Vs T H > =
oo f
ip Jlr/;\ 1 g .
/ ' ' 0 20 40 60 80 100
' I ! ! d
@ (deg)
) Comparison of the output power versus ¢, at d = 1, from the

fundamental model and actual model.

[DeDoncker1989] 57
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'E

Phase-Shift Modulation (2)

m Zero-Voltage Switching (ZVS) for All Transitions (in a Certain Operating Range)

EQ
<
||t

J

J

J

Primary Volt. %

Secondary Volt. v

Primary Current ‘'

e MV or LV Bridge Loose ZVS Outside of Soft-Switching Range

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

SPREC
I
S

43

I
I+

i
L}
(—q,—bi

.Vo

\4

7

>

Po(pu)

Soft-Switching Range

soft-switching .d=125

— hard-switching
d=20

Input Bridge
Boundary

d=15
d=1.0
.d=0.5

T 1 1

30 60 90
@ (deg)

[DeDoncker1989]

ETH:zurich
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Boundary
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Phase-Shift / Duty Cycle Modulation

m Additional Degrees of Freedom Can Be Utilized for Current Shaping = Optimization!
m For Example: Minimization of the RMS Currents through the Transformer

D1TS
Dl, Dz, (p/ﬂ? p A N

l I
| | Vacl
0.5
% V/i 300V 30A
gmmm " VAC) mmmmna PSR R Ep—

0.4 ! : | ol 200v [ AN 20A
= | 5 e

| 100V | i
/:/ )E//

10A

03 ; N\
~ : I OV A\ { 0A
44N AN
/ | | L[] v | /)
0.2 l ! -100V | : BN ! 10A
' ] 1 | ~ H
' | ! DoTs o) | V4
[ | 200V |- ' H /] 220A
0.1 — ! i : | m— -
V TCM ! OTM | cPM —0OVIE I | 304
o——— . 1 . 1. 1 . . ol _ | N I | 4
0 1 Pymax 2 P"p"ma" Prax P/KW 0\/11 Lok =T /2 1 lus ts t7 t=Ts
@

e Note: Not Possible in Half-Bridge Configurations (No Zero Voltage Intervals)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Example: 0.5 MW, 2.5 kV / 1.2 kV DAB

m Back-to-Back Testing of Si-Based and SiC-Based DAB Modules

@ Hitachi Energy - _, 331VSIIGBT  25kHz 17KV SiIGET
' S ' Si-DAB
- -
SiC-DAB SiC DAB CELL
e — ) | Ipcis lpcz g
ac,prim ac,sec ai - Qj
EEB
E ——] _§ ; h;(:za LVAQB m—_—
:'c) Vbct MFT B Voc2
5
© S0 | Transformer e * A ¥ ¢ o
] | . | . Currents (SiC-DAB) '
0 0 0'2. 93 U4 02 3.3 kV SiC MOSFET 4.0 kHz 1.7 kV SiC MOSFET
Time [ms]
m Si IGBTs: 98.4% Efficiency @ 360 kW and 2.5 kHz (Calorimetric Measurement)

m SiC MOSFETs: 99.2% Efficiency @ 360 kW and 4.0 kHz (Calorimetric Measurement)

[Heinig2022] 60
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Three-Phase DAB

m Power Flow Control by Phase Shift between Primary & Secondary Voltage
m Zero-Voltage Switching (ZVS) for All Transitions (in a Certain Operating Range)

Phase-shifted T I I 2Vi/3
— — 1
1: 1 -
K )1 3)5 1 - N /1')3')5' ° . Vap 3 1 T 1 >
_— Top P R
L, TN——1. ber Lo
a] —’- . ] 1 N
fap +vap || Vas + i, -7 Pl |_|
B i - : A e R EA
ap 33 22 H 1
Vi 7__- a‘& b il . b VoﬁN o 1 AN : : , I Vo /3
e BLi ep I
c.__l. ” AL L c -—0igg
Transformer > /a/ 6 [ o
2 /4 /6 '
L1 ] Lt i
Source  Input Input T Output Output Load
Filter Bridge Bridge Filter
)l =-| Soft-Switching Range
IGBT 2.0

soft-switching
hard-switching

1.5 1 Input Bridge d=20
Boundary
= d=15
210
=]
e Full-Range ZVS for =~ d=10
_ _ D1.T\ Tl Tl T: Ti T1 ll’lpl)[
d=1 (Vi = Vou Nin/ Nour), 03 1m0s BE ] e R e
i.e., similar input/output ]
__Output pz.12 | Dro| DI f DI | DU | DY Output
voltages 0.0 | I Boun b’ | e | br | o Joerel o3| Bridge
) T 1 s 5,
0 30 60 90
® (deg)

[DeDoncker1991] 61




A1C 5 Power Electronic Systems E'HZurlch

1= Laboratory

Example: Three-Phase DAB

m 7 MW Power Transfer, 5 kV + 10% Input & Output Voltages, 99.2 % Pk. Efficiency IS5\ &= | RWIH
m Series-Connection of 2 x 2.8 kV IGCTs / Three MFTs Operating at 1 kHz 10 |
. by @ T I e Al
; NN R Lo - ;
?rpl 98 I } I el | " o
- Up2 Us2 = W o B i
1 < i i1 sl ; |
U, | == p2 - 1i12 w97+ 04500V /4500 V,
ip3  Up3 Usz g B ot en 5 4500V 1 500V
> gl 4 i ~| @ 5000 V /5000 V|
i RO D x 5500 V /4500 V|
BN ASSOOV/5500V
345 6 7 8 9
P, in MW

out

[Soltau2014, DeDoncker2018] 62
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DC Transformer (DCX)
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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS AND CONTROL INSTRUMENTATION VOL. IECI-17, NO. 3, MA ( 1970

—— e e

= Transformer

“¥ug |

e e e e i

Voltage
t

Discontinuous
Conduction Mode

BCCE 26554
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A Method of Resonant Current Pulse Modulation
for Power Converters

&
e
Img.: ewh.ieee.org

FRANCISC C. SCHWARZ, SENIOR MEMBER, IEEE | i

Resonant Tank Thyristors

Fig.4. Alternative simplified schematic of a controllable and load-
insensitive series capacitor dc converter with transfer of inductive
energy to the load.

“.. load-insensitive series capacitor dc converter...”

(') [McMurray1969, Schwarz1970, McMurray1971]

ETH:zurich
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“Electronic Transformer” (1)

m AC-AC Electronic Transformer
e Resonant Tank with Series Capacitor
e Current Zero Crossing Facilitates Thyristor Turn-Off

rverrtor,
Witliam MeMurray;
His AL Corney:

Vol {8 / - POWER FLOW
& 7
NE
A \
é |\ A
30 &
£/
< R
|\ J3 ,—[T 3
3/ |35’
. 79
V- Pz
2 F

P & | SrwcHRONOYS |
ROUP THYRISTORS GATING CIRELITS N GROVP THYRISTORS

United States Patent Office

ETH:zurich

3,487,289

Patented Dec. 30I 1969 I

@)

(4)

@,

“Initial Use May be Found in Special Applications where Cost and

Efficiency are Secondary to Size and Weight.”

—W. McMurray, 1971

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

SNPYT AND OLTPYT
VALTAGE(om17 Y TiRNS £ATI0)

TRANSFORMER VOLTAGE
=

1969

I

-+

+

;

THYRISTOR CURRENT
S

|

[McMurray1969, McMurray1971] 65
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“Electronic Transformer” (2)

m DC-DC Electronic Transformer
e Resonant Tank with Series Capacitor
e Current Zero Crossing Facilitates Thyristor Turn-Off

rverrtor,
Witliam MeMurray;
by Domakd f Ganp e
His AL Corney:

United States Patent Office

ETH:zurich

3,487,289

Patented Dec. 30I 1969 I

@)

+

NFPUT VoL IAGE
)

rga
s 27 POWER FLOW % 27
A y
P -2 ‘2%4*7 iﬁdg
5 a4
/"'F'::/_J"j"‘ Qﬁggf‘\
35 £ 7 | gz S 39
4 ;L._—,___ — £
=0 T
s
i %S#, 2[;54
. - 23 3
% 8

BCCE 26554
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P79~ LT Y 4
b=

GO~ CORRENT LIMIT 1 mw:xﬂ—’ CURRENT

TENSE TRANSFORMER

S
TRANSFORMER
VoL7A6£
(PRIMARY)

()

THYRISTOR CORRENTS

i
JUUL

1969

[McMurray1969, McMurray1971] 66
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DCX Operating Principle

m Resonance Frequency = Switching Frequency - Unity Gain

JK’@S JK‘% CR Ls 7

Izl
NI
Izl

Ul - ul .* E *. ==1. U2
n
’ J N N ‘
First-Harmonic Equivalent Circuit
C;IR Lg Power-Equivalent
il . Load Resistor
Uy I ) R[] l”'”zu)

m Fixed Voltage Transfer Ratio / Independent of Transferred Power (!) fs/ﬁ)

BCCE 26:5. &
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DCX Key Waveforms

o . o
J@ JHSS i Cr Ly A T
T - .2
LN i -
M
u [ ] [ ]
ARRE I | [ 32 = |0 ]
i n
J|; ﬂ: J|; ﬂ: yiy
] Y
[o, _ O
A Primary-Side A 1/2f, Secondary-Side
A~ - I —y
S— . l" \‘\ °—nu2
_____ - TT=-ON\ | - _‘I’ ‘\L JI’ -
l_;?_ Uc \ W, ) t \\‘ ,"' t
B \_/ “~~-"'l
1/fs Ufs

m Magnetizing Current Enables Load-Independent Zero-Voltage Switching / DoF for Optimization (see Later)

ECCE 265 5. s
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DCX “DC Transformer Behavior” Explained

DC

M"iT AC

—l

Lo 1 ¢
% ; E_”_

Steady State 1 (P =P,)

/—Vo ut

V'Cr—\

AC
DC

RN
I

Source Bridge - Actively Switched
Sink Bridge - Diodes

_/

~Y

]
AT
s
VCr,O,l
; VUcro,1
T1 =
A

Disturbance Steady State 2 (P > P,)

A _Load Step A
\ /1T /17
V/ v | VCr,O,Z/ N/
Veroa ( in 0ut)<\ Add. Excitation
Voltage D
A Cr,0,2
Vout * Vin lr2 = Zro Vout = Vln

m Tight Coupling of DC Input and Output Voltages

e |deal:
® Real:

Vout =
Vout =

V., (Lossless Components)
V., (Voltage Drop Due to Losses)

m No Control Possible/Required — Acts as “DC Transformer” (DCX) with Certain Dynamics!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA 9-13
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Dynamic Modeling of Terminal Behavior (1)

m Capture Load-Dependency of
® Losses
e Stored Energy

m Dynamic Equivalent Circuit with Identical Terminal Behavior

A Py T/2 er «— Local Average Current — ieqcszE, Rye Ly lout
7\ A
i\ t C, G, Ny
' >3- 5 3
\_lM 76/2 / N e Rl R2 [N
Vg1 — I Y
m Generic Calculation of Equivalent Circuit Element Values (R, L)
Equal RMS Losses: Equal Stored Energy: ,
-2 .
i
) 2 R,rms ) 2 __ "Rpk _
lR.an - lR,rmthotal Rdc = .Z—Rtotal = :BZRtotal lR,angdc - lR,pkLG de -2 LO' - athotal
R,avg lR,avg

e Parametrization from Actual Waveforms (Calc., Sim., Meas.) — Not Exactly Sinusoidal (!)

IBECCE25:0. [Huber2018] 70
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Dynamic Modeling of Terminal Behavior (2)

m Experimental Verification w. Parametrization from Measured Steady-State Waveforms

iout 40 |
[ IR mod—
J% Jﬂcr1 R L 20 f-megl

o

Sy

<
lR [ E i
1lc =7 = Gl |+ 5 op=Ammiiimm
= /M M G = IR meas—— [JZ2TT 4 S
s i > 6 -20 L L L
R, 1:1 R, ‘

| I—
| E—
T
|
N
o

400

{300
200 outmodst  Mortmess 1

100}

Vin
=
=
‘_}out
Load cur, A  Output volt., V

5 iout,model iout,meas.
0 ﬁ
10 kW -5
350V (in/out) -0.2 0 0.2 04 0.6 038
50 kHz Time, ms
IECCE [Huber2018] -
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Active Magnetizing Current Splitting (1)

m Ensure ZVS for Primary and Secondary Bridge (Synchronous Rectification)
e Critical for Very Asymmetric Semiconductor Output Capacitances (Referred to Same Side of Transf.)

Gate Signals Voltages
|

m New Method: Both Bridges are Actively Operated z { - mm 500 L
e Very Small Phase Shift Between the Bridges 4\ = 1250 : l;b%
e Circulating Current Shifts the Magnetization Current 1 S E“@Lj 4
- de i Viv
. . 2 C ol ST
MV / 10 kV SiC LV / 1200 V SiC —= 7 ¢
. y ‘ —500
Coss = 150 pF Coss = 1700 pF 45 48 51 54 57 45 48 51 54 57
o? 10KV SiC 12KV SiC]| ° t[ps] t [us]
Ll SDlJ"' MV Transformer SLJ"' Sﬂ,‘_ Currents / MV Currents / LV
o L G iy = ic3 +20 +20
; e als |z 0S8} A o— Ik //
S AC, T F < 20 %/\ < 20 = X\/
= sk ok Sy R e"/\\% T S
. ica o —60 —60
HB, H©HB, = 45 48 51 54 57 45 48 51 54 57
f[us] 7 [ps]
m Control of the Switching Speed / No Closed-Loop Control Required / Extremely Robust
BECCE:2000. [Guillod2020] 72
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Active Magnetizing Current Splitting (2)

m Experimental Results

4 500
® 400V > 7 kV Operation @ 25 kW / 48 kHz = B 250 =
. % 0 Uy 0 gl}
MYV Bridge Transformer LV Bridge = v =
= 2 2 250 2

4 T -500

4 , \ . ; 500

- m e { —
R % 0 2
: —— o = o
BERES 12KV SiC S 2 250 2
— Soljt MV Transformer c Syl & Sufi _ 4
. : L Ly o — Ics
Iy v g 1 A
- il AC 15
s 2 K > Gl+ |3 - —
5 S 1 B i 3 ~ |2 <7 <
) : AC, = = =
Gl + = n=352:6 | - - E §
= Sla% S & Syl & S-7.5 3
ica
© C- e e o _1515
HB, HB, -

Time [ps]
m ZVS of All MOSFETs Independent of Load
m Load-Independent Voltage Transfer Ratio (< 0.8% Deviation) / 99% DC-DC Efficiency

ETH
[Guillod2020, Rothmund2019] 73
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Example: DCX Systems (1)

UN IVERSITE
TOULOUSE III
PAUL SABATIER Ui

m 300 kW DCX Modules / 1.8 kV to 1.8 kV L\i —
m 3.3 kV SiC / 15 kHz MFT / 99% Peak Efficiency °;’::;‘:;2::’::

Oscilloscope

choice switches '
Load resistance = g
terminals . \ IMPERIX
Boombox

control unit

Charge
contactor .; " ~ :
(Kioaa ) S - i . e . Optical fibers +

R-SABs prototypes
in test

m Input-Series Output-Parallel Arrangement of Two DCXs
e Two-Cell ISOP:3kV to 1.5 kV DC @ 600 kW

e Natural Input Volt. Balancing & Output Cur. Sharing

e Interleaving Reduced Output Voltage Ripple

Capacitors pre-charge
contactor ( K .joq )

Capacitors pre-charge
resistance ( Ry i)

e It

input
inductance

(Licer)

L,{[100 A { div] I,.,[[100 A { div]

SNCF AEF Platform
Lreet  Rypreload L I (Vitry-sur-Seine. France)
n oul =

3.5mH 100Q uy  Lou —

12T 2 e RSAB,  [——1 1 o
T Ti b T 7™ K Vo (60 V / di
(R( K protoad Y r m [ F \
| ac
!
)

L =

=

T L g
v ect] I ! Al Coutl v
pem VAN [1350 to - ¥ T Vout A A
. 1800] V MFT, / /

-

Vm -‘“ \
. Loy el gl ol g e o e e Rioad-min /Hz a2 q(;l
! R-SAB, J‘ l ? G lﬁll o v[‘
A E step 1 €
Vi 2 Lo .. [ Tag = 230 A \ / \ \
ooy e A T 4 4 VIV N
3ph .
18001 V MEFT, i i < 0
. | - interleaved: Yhldy"
! Mr 1/(@d*t,,) =1/ (4 * 15 kHz) = 16.67 s 0
# 3 ¥ I E X

[Fabre2021] 74
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Example: DCX Systems (2)
CPFL

m Series-Connected 4.5 kV, 68 mm RC-IGCTs (Reverse-Conducting IGCTs)
m Custom Gate Unit Optimized for ZVS Operation
m Back-to-Back Test @ 5 kV DC and 500 kW

SRC Test Bench
—
SI§TZ ==[‘|] (JP x ==E] vV, O
Vv
Coem= S ; ==E] A ==E] Vi, O 23
e L' ViO | _ 20 100
+ . . I = =
Vd“(‘) L -TH o i I e = =
- i & 1y s 0
Coo s | S
de == 835/2 ==M ==u 0.5 . ‘ -100
= A = =200
e ™0 S4¥ D ¢C|\ D 0.5 | | | | | | | | | | | | | | | | | |
\_/ 0 40 80 120 160 200 240 280 320 360 400 0 40 80 120 160 200 240 280 320 360 400
Series Voltage to Time [ps] Time [ps]
Adjust Power Flow

e f =5kHz, f,..=7.4 kHz = 20 ps Dead Time to Ensure IGCT ZVS

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Mis

[Ulissi2022, Kucka2022] 75
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Remark: DCX Power Flow Control

m Step-Up for MVDC Wind Park Collector Grid

[
@_K"G % +2kV
N
Generator
& AC/DC Conw.

Res. Tank ond
Rectifier Side i

Vin 7
+2kV

il

LEM L
[

T

m Power Flow Control via Pulse Removal Technique

« % Load > % Load >~ Full Load >
Vo +Vy . Om - -
/ irs _V /— / /
BT 4 S \;
% Load % Load > Full Load >
+Vg (Dm irs
0

e High Efficiency for V., = nV_,

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

Vg

“
K

N

=
a
<
k4

v,

‘e,

rs um‘l“

: : Pr=10MW l 4{ $'I-
iD7k
| L A= L Vou
s1” s3I ]Vg | +50kV MVDC Collector Grid
AN
EEEE
S2 S4

Var.Fsw+Phase shift | J_
(sub-resonant)

Frequency Variation Only
Peak Core flux Defined by
Lowest Frequency

Frequency & Duty-Cycle
Peak Core Flux Defined by
Nominal Frequency

(Otherwise: High Peak/RMS Currents w.r.t. Average Current/Power)

[Dincan2019]
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Remark: DCX Quantum Operation

m Output Voltage Control by Combining Different Operating Modes
m Mode Transition Only at Current Zero Crossing = ZCS/ZVS and Constant Operating Frequency

V“ Vs g H T V,“ ve i
- - N - . . , ,
t t ‘ \/

~Y
~¥

\

‘ |
-Vs

[ s1,54] s2,59s1,54] s2.83] [ D2.54 s2,04] D2.54] 52,04
[ sop:otf | D1,04] D2,03] D1,04] D2.03)
Powering Mode Free Resonant Mode Discontinuous Mode Regeneration Mode
(Occurs Naturally) (Low Inp. Power Fact.)

m Powering Mode for m out of n Cycles = Discrete DC Voltage Transfer Ratios

s mT.
A S
Vs oo
— - Rectified Current
_T T T m T n T .
veq L2 ] o o L] L /7, Buck Converter Behavior!
k| k+1 k+m k+n 0y } _}_(gems) iy

=-

VARVAR VARV IRVARRS LA A
R
" .
- "tz)
nT,
BECCE:2000. [Joung1988, Joung1989] 77
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S1C I Power Electronic Systems

Remark: Paralleling of Bridge-Legs

m Split Series Impedances (Resonant Capacitors or Series Inductors)

DCX / Resonant Topologies Dual Active Bridges

e Ensures Equal Current Sharing Among Bridge-Legs

e Prevents Circulating Currents in Parallel Transformer Windings
HITACHI
A\ IR IR
‘]

[Drofenik2019]

n,USA @ct.9-13
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Summary: MF Power Conversion for SSTs

Dual Active Bridge DC Transformer (“DCX”)
L KE o, kE
Ul = lul nuzl i § =+ |U, nuzl'*i " =+t U,
eI e
\
A " J ;
| 7~ \ ! _

||
5 [
~__ |
il
!/ =
! —_
/
—z

—_—
—

|
5
~Y
Ny
|
l \
\
N
@]
i
1
/
~Y

| B S
1/f; 1/fs
m Can (Must!) Be Fully Controlled m Control Not Needed (Not Directly Possible!)
e Fully Controllable Power Flows ® Reduces Complexity in Multi-Cell Syst.
e Lower RMS Currents for U, = nU, (e.g., Natural MV-Side Volt. Balancing)

® Predominant Solution in Multi-Cell SSTs

EBCCE28:5.
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SST Concepts & Key Design Aspects

— Power Semiconductors

80
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Available Si Power Semiconductors

m 1200 V & 1700 V Si IGBTs Most Frequently Used in Industry Applications / Max. 6.5 kV Available
m Derating Requirement due to Cosmic Radiation: 1700 V Si IGBTs - ca. 1000 V max. DC Voltage

Source: M. Doppelbauer

M. Hiller S : H.-G. Eckel
MV IGBT / IGCT Ourcl‘jniv. Rosti)fk
)\4 1 I ri -‘. -~
FIT & 1700V e
| IGBT K I A P
u . " P //
3 Civiest __ 1 1000 /
= ‘ 25° R BT,
o 1000 mAMSL 7 125
= /1] 1000 mAM.
. H D =
£ — ; /
><. ’: 'l'l’l\
= o
= 21 ! 12
0 m AMSL i 0 mAMSL
—
10-="— — 1 T
1000 1050 1100 1150 _*d
V

81
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Si vs. SiC Power Semiconductors (1)

—_— Wo = 2 i_W
crit

Amount of semiconductor e Specific On-State Resistance
material needed to

Si isolate10,000V R 4 Blocking Voltage
S N e

n,sp — .y P
GaN SiC €/n @ Critical Electric Field
Diamond
| — : :  — ® £.inSiCca. 9 x Larger Than in Si
silicon gallium arsenide gallium nitride silicon carbide diamond
1000pm 1000um 100pm 90um 20pm

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

m Lower R,, ., for Given Blocking Voltage

1000 Img.: Chow, 2015. 1kV
Unipolar Si Limit

300mQcmZ_g — P

% 100 Stima} o /| Unipolar 4H-SiC Limit

g "0 “ il Limit

: o v e

2 1 | °
0.6 mQ cm? £ v * GaN Limit I Bipolar Si (!) Limit

’ o . / But: Bipolar - Sw. Losses!

’ 10 *WI] 1000 10000

Breakdown Voltage (V)
@5Si WSiSJ O IGBT ®SiC A GaNHFET W IRGaN
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Si vs. SiC Power Semiconductors (2)

—_ BV
rim— We = 2 -
crit
Amount of semiconductor
_ material needed to
Si isolate10,000V
GaN SiC
Diamond
silicon gallium arsenide gallium nitride silicon carbide diamond
1000pm 1000um 100pm 90um 20pm

Img.: http://www.evincetechnology.com/whydiamond.html
m Higher Blocking Voltage for Given R, .,

Img.: Chow, 2015.
1000

e Specific On-State Resistance

P 4 Blocking Voltage
A — =)

neee E,LLn Critical Electric Field

® £.inSiCca. 9 x Larger Than in Si

300 v C=) 3000V
| |

10 kV SiC MOSFET
(Wolfspeed)

e

100

10 mQ cm?

15 kV, 80 A Package
(Wolfspeed)

High Temp. Lid Midpoint

Specific On-ﬂesislance {(mOhm-cm?)
q

0.1

[GaN Limit |

Creepage
Extenders

&si ESisJ

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13

) ¢
10 100 1000
Breakdown Voltage (V)

IGBT ®SiC A GaNHFET ¥ IR GaN

10000

ETH:zirich
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Remark: HV SiC Parasitics

m High di/dt + Stray Inductance -> Overvoltages
m High dv/dt + Parasitic Capacitance = Ground Currents
m Exemplary Analysis for a 25 kW, 7 kV to 400 V System

Stray Inductance vs. Z,, for 10% Overshoot

)

10 T T
10°F L for Upe=TkV
IJ.H & 10T Upc %
10°F :DQQ‘\F’ / /
s /

Inductance L, [H]
=)

108 g 4
A,
n H L, for Up=400V I ‘pe

10° t i i
s S
ist_leOV st_7k\'

-10| 1 1
10 0.1 Z 1 10 100 7 1000
sw,400V  Impedance Z,, [Q] sw,7kV
Zsw = Upc/I,

m LV Devices: Minimize Stray Inductance

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

10

Stray Capacitance vs. Z,,, for 20% Ground Current

107

—_
<
%

Capacitance C, [F]
=

G, for Up=400V nF

10—10 \ pF
10—11 \
st.400\' m
-12 1 1
10757 7 1 10 00 1000
sw,400vV  Impedance Z, [Q] sw,7kV
Zsw = Upc/IL,
m HV Devices: Minimize Stray Capacitance
[Rothmund2018]
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Example: 10 kV SiC AC-DC Converter

m 25 kW / 7 kV DC / iTCM Soft-Switching AC-DC Topology
m 99.1% Efficiency at Rated Load / 3.3 kW/dm3 (54 W/in3) Power Density

Diode chip

Clean 7 kV Switching Waveforms

1 1 1 1 1 L 1

Voltage [kV]
=T SR SRS N
=
2
RS

30

20 i 5
7N
10 .
\ _[ZVS /

-10
4.96 4.97 4.98 499 5 5.01 5.02 503 5.04
Time [ms]

Current [A]

f. =35 kHz

ETH:zUrich

MYV divider Low-side High-side
= gate driver gate driver
> a Creepage

slot

Fiber optics
Heat sink

317 mm

Isolation
transformer

m Converter Systems with 10 kV SiC MOSFETs Can Be Realized (See Also Further Examples Later)

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Interfacing to Medium Voltage (1): Direct Series Connection

m Limited Blocking Voltages of Available Semiconductors & Max. Utilization Only ca. 50...70%
® 6.5 kV for Si IGBTs
e 10...15 kV for SiC FETs (Prototype Devices Only)

0_7 J

[E
o

Mod. Index.: 0.8
Blocking Voltage Util: 0.66

Series Devices
O L N W H U1 OO 0O

‘ JF# 0 5 10 15 20 25
o— Grid Voltage (kV)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Direct Series Connection: Example

m 100 kW, 7.2 kV DC Three-Phase Inverter
m Direct Series Connection of 3 x 3.3 kV SiC MOSFETs

'E[_

} l
H1 =+ =
Jl-t- i JH. Jk_ il
H HJ H
H T =M [ C
i
= e H . .
H1F HTE HTE LCL Filter ~ Tesistive
bt Jatls T I |
Vv T T T .. [5ms/div] I.[5A /div] | T[5A /div]
____dt L + Vm 25ms 20ms . s — + S
180pF ,
i pcfsbam Giite DC Capacitor ~ Snubber

bank cireuit

| [
—
1t
I
'
1
|
'
|
'
|
1
|
1
|
|
'
'
[
I
i
I
|
I
|
I
i

L L L
e g el e
L L L

TFT TFL _TFT
|
| I

TFT IFT_TIFT

|

o
—it

e Steady-State Balancing with Parallel Resistors
e Dynamic balancing with RC Snubber

m Advanced Balancing Approaches (e.g., Active Gate Signal Delay Control, ...)
[Lin2022]

[Kokkonda2021] 87
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Interfacing to MV (2): Multilevel & Multicell Topologies

Neutral Point Flying-Capacitor MMC >
Clamped (NPC) Converter (FCC) . Marquardt et al. (2002) M:,J
Baker (1979, Pat. Filed) Meynard et al. (1992) See also Baker et al. (1974) .
Nabae et al. (1981) . Cascaded H-Bridge L
° o ! McMurray (1969) oy ]
J —
%U = =" i J
x 1 1 | ‘Ul:J
1 A N %LIC) J
—U =" N =" LUl==
4 ii iy °J ' J J J
yiy i j}j
K U ] U
X & |
X A E
%U A+ °'| A+ : . J J LUl: J
J I IC) i -
x| Jg& Jliﬁs Lul==J
%U A+ A+ ]
! J
o o i %Ul== J
Non-Modular : Modular
J
1y L&
e Defined Partitioning of Blocking Voltage & Improved Device FoMs for Lower Voltages l /

e High Number N of Cells - Quadratically Reduces Current Harmonics

mnm [Baker1974, Baker1979, Nabae1981; Meynard1992; McMurray1971a; Marquadt2002, Lesnicar2003] 88
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United States Patent

(113,581,212

F '.'3 2.
. fn ,
Zen {I : %.’Jn 200 /4.”
N f” 12 2 23
| &85 /Sn
! »’3’% /Rn% Ly
| 7 T '
iz — _ :
/a
/ba e
AN 2a 22a e |
T 232 5z
/32y i 4
/72 Jn

750 —{ 2040 |—
28

by %}M.IA\

Hrs ACtorney.

[72)

(21]
[22]
[45]
[73]

Inventor

Appl. No.
Filed
Patented
Assignee

William McMurray
Schenectady, N.Y, '
846,354

July 31/1963] 1969
May 25,1971

General Electric Company

Inventor:
Williarmn MeMurray:

m “Fast Response Stepped-Wave Switching Power Converter Circuit”

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

[McMurray1971a]
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Multi-Cell Concept: Interleaving (1)

m Example N =1 - N = 2: Effective Sw. Frequency x 2 and Voltage Step x 0.5 = 0.25 x A/

m Or f /N? for Same Current Ripple! T
17 d, dy Ip\ dy E da2/i\ o1~ dya 7 \
,«’ \‘ h /'/ \\\ "l ‘\\ 4 \
n ,’—" \-‘\ m A ,'H{ NN
. t . / ‘. N, N
0 i RIVAN / \y/T

USA @ct.9-13

ETH:zurich
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) o)

Power Electronic Systems

1:5 Laboratory
Multi-Cell Concept: Interleaving (2)

1=
m Example N=1 -2 N = 2: Cancelling of Harmonics at 2 - kf. (k=1, 3,5, 7
N=1 Y N=2 Oy
UO f=2fs UO ?
] | ey,
i |
UO UO
?
? (]
IR S 0 1 AR R,
6 101214161 2 A 0 2 4 6 8 10 12 14 16 18 20 22 1,
S+aI°J S+b1J
==+l%
N

.‘llillll’”!‘!lilllﬂw

0 ‘ 2 4 8
a b
S+3K; S, E;
i L 8 g i L
L -
VT s
AW . ke Su% 1
) 1ty n=
. e l@ u
I S+2°J +b2°J
N
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'EL

Multi-Cell Concept: Switching Losses

m Scaling of Switching Losses for Same A/
e Same dv/dt and Same di/dt for All Devices

Ui

(Conservative Assumption!) i

N=1:

1 y
Psw,N=1 = 2Esw,N=1fs =2 E ) (tr + tf) - Upl - fs |

Same Al

N>1:
1 tr\ Up fs 1 ts
Pan =N -2 5 (64 ) 1 =gz (4 ) ol f

Psw,N=1 Psw,N:1 T

NZ

Psw,N ~ N3

tr tf

m Series Interleaving Dramatically Reduces Switching Losses (or Harmonics)
e Converter Cells Can Operate at Very Low Switching Frequency
® Minimization of Passives (Filter Components)

mn Il‘ 5

522

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Multi-Cell Concept: Conduction Losses

m On-State Resistance of MOSFETs Roughly Scales with BV?> (e.g., Silicon Limit)

1 1 2.5
(1) Rpsonn=1 % A—(VDS)
Si
2R« 1
2.5 DS,on,N &..___ L L T
1 \ 3) 2 Agii= Asi
(2) Rps,ony X N— =3 2 Ag ;=N Ag; RDS’OHJ I \\ - ( ) O | N
Y ASi N o ‘ ’ \\ ~ 1 _]
T Ny N5 =
- R _ RDS,on,N=1 Ag; \-
DS,on,N— N15 / ~au Vg \ \\
- Noy. “NAg 0.1
Vbs : : N; (2) X Ag; , =N, Ag; ~ 1
2.5 1 . ~ pe—
N (Vps . N5 ™
R XN—|—
(3) DS,on,N ASi( N )
Rps,onn=1 (1) (2) (3)
= R = > ° 0.01
DS,on,N N0.5 ;ASM: A, 1 2 3 4 5 6 7 8
]\Ts—>
m Even With Constant Total Chip Area, Conduction Losses Decrease with Increasing N
e Beware: Does Not Hold for IGBTs / Bipolar Devices with Approx. Constant Forward Voltage Drop
m.i ,gs};;?. ) D) [Kasper2016] 93
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Laboratory

Remark: Quasi-2-Level Operation

m Operation of N-Level Topology in 2-Level Mode
m Intermediate Voltage Levels Only Used During Switching Transients

Flying-Capacitor Bridge-Leg MMC Bridge-Leg ' o Conventional
Controlled as e
|-° single switch =
o
OlVd < ® |
C e “v Q2L
/ Controlled as w,

Only for transient
voltage balancing

|_° single switch

T :J’
F “ 'x"ff (1)

; B - 1T

[Schweizer2017] [Gowaid2015] =

e Defined Partitioning of Blocking Voltages & Small Flying / Cell Capacitors
® Benefit from Cond. & Sw. Loss Scaling But Higher Harmonic Content (No Interleaving)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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SST Concepts & Key Design Aspects

— Key SST Topologies
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Classification of SST Topologies (1)

m Number of Levels m Degree of Power m Degree of Phase
Series/Parallel Cells Conversion Partitioning Modularity
uLO_ BER _'l_““: | AC i TS —
— Ao /[1.LAac S . —
Iiil —_ ]ii[ A, — / AC AC L,
—_ |/ AC AC L
I = AC —— i—A(w —o
— ]“_ . 2 T AC J_-’.' DC }"E Aac S —i / AC Iyl |/ AC L
i o—| = il L
C ]ii 1/ DC T ac 13" aclk — o /- (e
1w = — . Lo
i — e /e A /E A T
) “ — " + - ' -
o—2] L | _,0 e ]n[ e —I_- ol [——— -
| i INE ! ! N =/ ac L
[ o A e — . 2o - -
i ISOP (1) "/ & ][ L/ L (- -
’ o / DC T ac L1 DC T AC L, HAC == oS L
Rl — N - ||

EBCCE28:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Classification of SST Topologies (2)

Degree of Power
Conversion Partitioning

o g | kR

Example: Wrede (2003)

_______ Degree of

------------ ! o Phase Modularity
Number of Levels
Series/Parallel Cells

m Very (!) Large Number of Possible Topologies

e Partitioning of Power Conversion - Matrix & DC-Link Topologies
e Splitting of 3ph. System into Individual Phases —> Phase Modularity
e Splitting of Medium Operating Voltage into Lower Partial Voltages —> Multi-Level/Cell Approaches

ECCE 2040

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Modular Topologies
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Isolated Back-End (IBE) AC-DC Conversion

m Input-Series Output-Parallel (ISOP) Configuration of AC-DC + DC-DC Converter Cells

MV LV

| M
Ve
Il
]

m Direct Mains Current Control with Cascaded AC-DC Front End
m Most Frequently Used Topology Typ. with DCX Isolation Stages
® (Specific Realizations May Vary, e.g., 3-Phase Configurations, Cell Topology, DC-DC Converter Type, etc.)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

[Steiner1996, Steiner1998] 99



P Electronic Syst et
PEL Doty e ETH:zurich

Remark: Unidirectional Topologies

m Opportunity for Complexity Reduction (# MOSFETs, Gate Drives, ...)

45kV 6.5 kV SiC 800V
TP
-1 a I il [| I oL
|AC| >0 ‘| Jd
45k ]
Vi Jé} JE}J%
Y NN 2 '_"'-TIHI'_"_' e
R/S/T JE@ ‘Ej J$J$

2

13.2 kV s
\/§ N )

N

R
n
et
<

800V

e R ST SRS o
;
=
T
—&H

B
J
=
i

e Example: Multi-Cell Boost ISOP Topology with DCX Isolation Stages

ECCE a6 andereryez00]
|EEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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Remark: DC-DC Topologies

m Fully Modular Approach 0 5 ———
!
m MEGA-Cube @ ETH Zurich Ly J };ljs _| 5
e 1 MW, 2 kV = 1200 V DC-Transformer ?
/ p > ] O H o l_ + >
® 2 x 3 Connection on LV Side = iﬁ T[S
z%la sk JH[ES
s >
Control E L 8
Platform _<; ) S
. Modle2 8
o (ONE E Gl P - Module3 v Q
A5 B 000 e —
» I s ]
» :: Module 5 ~5
e 166 kW /20 kHz Si-IGBT DC-DC — R e ]
i Module 6 :
Converter Module e e e o —
BECCE:2000. [Ortiz2017] 101
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Remark: AC-AC Topologies

m Fully Modular AC-AC Topology w. Indirect Matrix Converter Modules = f, = f,

T g7 71
L AR

g

e Specific Realizations May Vary (3-Phase Configurations, Non-Resonant DC-DC Stage, ...)

ECCE 2655, [Raju2008, Das2011) 102
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Partitioning of Single-Phase AC-DC PFC Functionality (1)

m Required Functionality o F Folding of the AC Voltage Into a |AC| Voltage
e CS Input Current Shaping
ol Galvanic Isolation & Voltage Scaling (No Regulation Capability)
e VR Output Voltage Regulation

m Isolated PFC Task Partitioning Variants

Isolated Back End (IBE) - AC: F 5 VR % /I//g VR %: DC

ACT| FicSiW[=F]17 =+ DC
Fully Integrated / Matrix AC: F CS // // &A %: DC
Isolated Front End (IFE) AC: F E//I/ CS i VR E DC

m IFE Shifts Input (!) Current Shaping and Output Voltage Regulation to the LV Side

IBCCE: 205, [Huber2016] 103
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Laboratory

Isolated Front-End (IFE) AC-DC Conversion

m Input-Series Output-Parallel (ISOP) Configuration of Isolated AC-| AC| Stages with LV-Side |AC|-DC Stage
m Minimum MV-Side Complexity with Unregulated AC-|AC| “DCX” Stages
MV LV

W
L AC-|AC| aIFE Cells 1n.IS.OP Configuration

Re
—W ™ + /—Vout
=
I I
Y lgv) / /2 ot /2 1
) | AC|-DC Boost
1 i i
b G ﬁ i
fV"Dc" ~ sin(t)
. 2
P~ sin“(t) = 4
il Tg/Z ‘ J:} =
fi~sin(t) ©
| S—"

e LV-Side |AC|-DC Operates as in 1-Ph. PFC Rect. | Input Cur. Shaping through Transparent AC-|AC| “DCX”
e Variants: Indirect AC-|AC| Matrix Stages, Parallel-Interleaved |AC|-DC Boost Stages, ...

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Current-Source-Type Soft-Switching SST: S4T
m Magnetizing Inductance as Current DC-Link (Load-Dependent But Constant Current, MFT with Air Gap)
m Flyback-Like Operating Mode — Magnetizing from Side 1 & Demagnetizing to Side 2
m Auxiliary Resonant Circuit Ensures Full-Range ZVS for All Main Devices
Auxiliary Circuit
Energizing
l [ —l "I’J "H "lJ LVfCl e B _'E %t‘J LVDCl1
=4 éf: EHEL] ‘ ;; ? \11:[33 gxu;: \—;3’};;’;
i[ ( -||’J -||" -||" l;;[;f@ “|Lm } l# LVDC2/
L1 uffer . %t% 4; Buffer
[y £ =
MVAC P

De-Energizing

~ - - ';J 4[] LVDCL
‘lva Lav] ™ vt
) +
B VLVI
_=iln§ | | { T :=+VBut'
Lm LVDCY/
= "El . ; Buffer

MVAC 1
IMv
T

A%V T

|

et

o A A8 o)
s YY)
A

Tw T e

«
~ie
B
AN
YY)
L

e Reverse-Blocking Switches Required (MOSFET + Diode, RB-IGBTs)

e Variants: AC-DC, AC-AC, DC-DC / Bidir. Power Flow & Arbitrary Power Factors G .
*32n|

IEEE ENERGY CONVERSION CONGRESS & EXPO

[Chen2018, Zheng2022]
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Partly Modular Topologies
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IBE AC-DC with Multi-Winding Transformer

m Single Transformer w. Full Isolation Voltage Rating / Modular Power Electronics (Redundancy)
m Coupling Between Primary Windings = Undesired Current Flows & Oscillations

15 kV, 16.7 Hz .
S - Multi-Wdg.
Cascade Modules MFT Output Converter
m ALSTOM (2003) Traction Prototype input Choke | 1
1.5 MW / 5 kHz .,H} %} L i3
Mult/ Wmdmg MFT Switched AC Voltage A | ALSTOM
\ : b | 1 *@ = A
20k |
bAoA LR re
:Z 0 lll w‘ lf ]!i I L
10k ‘ﬁ‘lf ]\ xf \\'ﬁ l: 2:' 4&} .|q}
0 30 60 l[r?g] _-1.20 L
v 8
. 1
6.5 kV IGBTs 3.3 kV IGBTs

e 15kV /16.7 Hz Input, 8 Cascaded Modules (7-out-of-8 Redundancy), 1.5 MW (2.25 MW for 30 s)
e Si-IGBT Technology / 5 kHz MFT / 94 % Efficiency & 0.47 kW/dm3 Power Density

[Engel2003]

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michiga A @ct.9-13
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Modular Multilevel Converter (MMC)

m Single Transformer w. Full Isolation Voltage Rating <L catenary
m Modular Power Electronics (Redundancy) ———

L

® AC-AC Matrix Converter with Fully = :
Independent Generation of u,- and u; ;J}:é J?

e High Semicond. Effort (Each Arm Provides Total DC Volt.) R e
e Active Balancing of Module Cap. Volt. Necessary s

(Sensing / Control) *“‘ ................................ , F ________________________________

“N| Unc
m Variants: | | &

e 3-Phase AC - 1-Phase HF AC, DC-DC ...

o t’/ — t I; h - P .

multilevel- multilevel- multilevel-

converter arm converter arm converter arm

- — N3 <
v t Vanz > |- v Vo2 .'_{ L .
0l multilevel- B multilevel- multilevel- ‘J ‘J J J

converter arm converter arm converter arm v

;_L_ J\ [ dor Bundesmeh @
g . | ler Bundeswehr i .
 phase module 1/ .\Ehase module E \\I_lhase module _3/ Universitdt Miinchen rail

ECCE 2050, (Glinka2005] 108
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Remark: DC-DC MMC

m DC Interface with Half-Bridge Converter Cells

4 fF“_ | L lf_"ﬁ >
Va J T J I t. "
'
p: Y . [E N N
(I) Zl T+ Vel ([)1 ¢ I A [N
oz : 5 L : N sl = < Wy
- T : -------- 0_! ':0—! : -------- o_% LN S ==r E (!) F r - ﬁf_‘ -[-Al“ 3phﬂsc " i

transformer

I J I J (I Bidirectional / Multi-Terminal

Mo o o—' o_' """" o—‘ T . |z (|) DC TanSformerS w. Q2L Mode
el B R sz s T |s\:

[Kjaer2016] (((_\;

Unidirectional £50 kV MVDC = +£320 kV HVDC
Step-Up for Offshore Wind Park Collector Grids

109
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ETHzurich
Remark: DC-DC MMC w. Resonant Operation

m DCX with MMC in Q2L Operation

m Output Voltage Regulation: MMC Primary Voltage Amplitude Adaption (Coarse) + Var. Freq. (Fine)

' C L 4 | é
[SM11] = | L b ;
V”i ! i H : H
¢l Lbunl =~. : : :
= . - - .

Varmi HJI'] TIHIL
(584 1N] S"; x o ,
N-K)Y. |
e [ TN S
Vi 1 Cf:— V, - N+K !
i - —
- :'E v\“ = -
S 5 x T
C SM 21 LR VP X
;WKW 3 ) !
! 2N +K) ;
o 0 T 2
Typ. Operating Waveforms

e Module Capacitor Voltage Balancing w. Sorting Algorithm
e Not All Devices Achieve ZVS because of DC Circulating Current

erm
IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Mic!

[Shao2020] 110
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Multiport Topologies

m Bidirectional AC-AC (Matrix) Grid Interface w. Multi-Winding MF Transformer

m Hybrid Uni-/Bidirectional: Unidirectional or
Bidirectional Loads

e Target Appl.: Datacenter Power Distribution
e Various Other Configurations Described in Lit.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

Essential Loads/
Cooling

uPs/

AC-AC Converter

Veri,ph

L
Cr
Battery /T

(F-phase PWNY
Inverter

4160V/60Hz
Medium Voltage
Utility Grid

3-Phase Medium

ETH:zurich

Frequency Transformer —
A ./
C Vier(Boost
—_— | | PFC Vac.A
" "
] e (Booe) Critical Load/
— l prc | Vace  Server Power
Boost
Vicc

I

AN

[Vpﬂ.phnz

e
T

3-Phase Input Filter |

lln_a_ﬂltered
Va Vb Ve
N

[Hafez2014]
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Non-Modular / Single-Cell Topologies
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Single-Cell Topologies Enabled by HV SiC

m Low Complexity / Standard Converter Topologies w. Relatively Few Switches / Single MFT
m HV SiC Devices Needed (10+ kV) / Scarce Availability Outside of R&D

22 kV _
DC Bus ‘yRE“{'

15 kV SiC (63 Q _{} + %
,_t:} ]i,c’}]i ,(’}]i - A A A EEE—

13.8 kV E _E : % 480 V
:: PEY

-K} 3 ..(’} % _l;‘} i ; % 4:(} r EE EH
o 4} 43 % |
800V

e Difficult Implementation of Reliability DC Bus
® Not Scalable to Higher Voltages

I
I

1

[Mainali2015] 113
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SPARC Converter

m Serial and Parallel Auto Regulated Configuration (SPARC) Converter
e Series/Parallel Connections of Primary/Secondary Transformer Windings
® Input Voltage Distribution & Output Current Sharing as in ISOP

catenary

------- . R n[7l sl
B ks kr kb 1 % ,,; S; ._ % E

- L 4./' 5% 1S i s ]/ Pt R4
- Vel
L+ Upc V B '/C
T Vo ZVmax [ | e
V ! '
3L E-Vrrax-- '~_;‘.‘_.“_._.“%\,Bl
- ( L b / -t

; ERLEaLAN VA~

rail

e |nput AC Voltage Synthesis from Available Converter Sw. States / # of States Increases with # of Transformers
e Soft-Switching Modulation Possible (Primary CSI with ZCS, VSI with ZVS)

mnﬂm [Kalvelage2002, Dias2021] 114
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Single-Stage 3-Phase AC-DC Conversion (1)

m Single-Stage Power Conversion with Minimum Complexity on the MV Side 5 M|
m S, &S, Sync. Switching w. 50% Duty - Amplitude-Modulated HF Transf. Volt. WW
1 .

n Ty

p -
Sxj Syj4 Sz /\/
A A

Transf. Voltage

Zﬁ’ Xy (Phase a) v W
= / Vae
Gt

SX! ;SY." SZ!

U3 U2
n Secondary-Side 1) (o
SV Diagram 3 Ve (51 ON)
Ua (000) : Ux
O11) a7 v (100)
\% (5401\1)‘/ 6
m Three-Phase Voltage-Source Inverter Output Stage o

e DAB-Like Operating Mode / Inductor Current Shaping Using Space-Vector PWM - -

5 6

e Integrated IFE Approach: LV-Side Stage Shapes the Grid Currents (001) (101)

® AC-AC Version with 3x3 Direct Matrix Converter Output Stage BA

" , UNIVERSITY OF MINNESOTA
m.i ,gs};;?.ﬁ} A4 [Gupta2009, Gupta2010, Baranwal2018] 115

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13



P Electronic Syst et
PEL Doty e ETH:zurich

Single-Stage 3-Phase AC-DC Conversion (2)

m Y-Rectifier with Standard Half-Bridge Modules

e Common-Mode Offset Voltage u,, for Strictly Positive Input Capacitor Voltages

e Sync. Switching with 50% Duty ([000] <> [111]) / Low-Frequency-Blocking Series Capacitors
- Amplitude-Modulated Three-Phase HF Transformer Voltages

LF Block i o
. c |t
B shek | ok | Jox [ wrran SJex Jok ok |
iy U, r o i’llf Fl2 .
: > | g T
o | ' | b _ | P B = U,
- lTb | _} A Yl C de
Z' T

Cﬂ | | Ta
shg | Jok [ Jak [ sk ek ek

m Three-Phase Voltage-Source Inverter Output Stage Operated as on Previous Slide (!)
e DAB-Like Operating Mode / Inductor Current Shaping Using Space-Vector PWM
e Integrated IFE Approach: LV-Side Stage Shapes the Grid Currents

m Extension to Higher Input Voltages w. Multilevel Bridge-Legs or MMC / AC-AC Versions Possible

: ETH
mnm [ETH Pat. Pending: Menzi2022] 116
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SST Concepts & Key Design Aspects

— Medium-Frequency Transformers
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General Challenge of MF Transformers

m Higher Operating Frequency / Lower Unit Power Rating = Smaller Active Volume

m Isolation Requirements/Distances Don’t Scale

“'

m MV Winding Cooling Through Isolation = Isolation vs. Cooling Trade-Off

S

kW] rmsBmaxf

e Solid Isolators - Bad Thermal Conductors

e Oil

s i
A

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13

— Coolant And Isolator (!)

Note Same
Isolation Thickness

Cores

ETH:zUrich
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MF Transformer Design — Transformer Types

Sec.
Iso. I\/\
Prim. \
NN

Sec. .
Iso. Prim.

Prim. |~

()

(

Iso.

'—\ Sec.

/ Core \

Iso. Prim.

Coaxial-Cable Winding

vy W

Core

Sec. Iso. Prim. Sec. Iso. Prim.

Shell-Type Core-Type
(“E”-Core) (“U”-Core)

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

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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MFT Core Materials

m Silicon Steel / Amorphous Iron / Nanocrystalline / Ferrite / Air (!)

i : Ferrite
Si-Fe Amorph iNanocryst. =
~100.0 [4519 || @ T s 1]
> : b [31] [17] | & ‘ o e 5 3
T ey Pk A ! [412] [41]
o 20 [44] ©
2 10,0k 7120 10[24] 32m 0 w016 J [?0] Ak
S : [33] ® O 5[29] [32] [48][34] S 9
g [ - [18] 1401 461 (:[)15] 2 S| Core type
3 i = [/ o o [Nanocryst,
L; 1.0 §_+LV§ 211 [22] [16] 83} [3,9] m/ I ry
2 r X 2 ! I Oen [23] 31 ®/O|Ferrite
o [ [36] : ¢/ |Amorph.
0-1 P | P | . _
10° 10! 102 / gurF core
Frequency (kHz) /o |S1-ke
V/ ¥|Unkown

m Frequency-Dependent Choice of Core Materials

[Czyz2022]

ETH:zurich
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MFT Windings with Parallel Conductors

m Risk for Circulating Currents between Parallel Conductors Due to Unequal Magnetic Flux Exposure
m Interchanging of Conductor Radial Positions Between Series-Connected Windings (on Different Core Limbs)
-> Complete Flux Cancellation Between all Loops

31 First Winding 32 second Win.ding
Portion Portion
] pre— S—
i E
i i
; ;| /
i A i 3
: : : 1 (1)
: . : s Axial Field First Winding Second Winding
: . : ' % Portion Portion
E =T : Tz V — H IAF Axial
i : : T}T (|) Sy 3 Magn. Flux
| | \
E i i Radial
' & : g 0 & =0 Iy Magn. Flux
|| U . 2 .
Wire Group T T
(4 Par. Cond.) 21 2
e Highly Important for Windings with Parallel Foils
ABD

[Gradinger2018, Gradinger2021] 121

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13



P Electronic Syst et
PEL Doty e ETH:zurich

Anecdote: Litz Wire Issues

m Unequal Current Sharing in Imperfectly Twisted Litz Wires Z 3
Incorrect Twisting .
3
E —20% Losses
Center Bundles E. (N ’
Removed 5 )
= 3
Impact of £
Terminations .
Example: 20 kHz MFT & Common-Mode (' \
Litz w. 10 Sub-Bundles and 9500 x 71um Chokes 035 075 100 T35 150 T35 200
Time [ps]
1 o 1
2 :%—o 2
3o @ o3
fo é{av% s
_ ; /e
m Common-Mode Chokes Force Equal Current Sharing 8 S

ez aNy Q 2

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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MFT Cooling Methods

m Natural Convection / Forced Air / Water / Oil

99.9 — 5 - ' '
33, ¢ D[
99.7}L [35] & * []7]l 1 1 1 [16] 7
> 3314 *[6] \@®  [50] 23] ¢
2 99 5[ | & % [6] P
< 95k [4T2¢-[40j \ < <>[15] - *\[481 g 3| Cooling
% 99 3 K *[ | _ ’rg’ _ | > O| type
2 N ] m/o|Oil
= i -~
= 99.1} .[38] - ! ,%giﬁ '.[19] ®/O|Water
930l | 4 | ¢ /& |Natural
N ﬁ['34] * /¥c|Forced air
.7 1 1 1 L L :
0 5 10 15 20 25 30

Gravimetric Power Density (kW/kg)

m High Efficiency Facilitates Air Cooling
m Liquid Cooling Facilitates Maximum (Gravimetric) Power Density / Needs External Heat Exchanger

ECCE 2040

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Laboratory

MFT Isolation Systems

m Solids / Air / Oil
m Extreme Lightning-Impulse (LI) Test Voltage Requirements > 100 kV
ABB TU/e it

PD:31kV PD:53kV

LI: 95kV 150 V }

© No dielectric test available
40 | O Spark-free

PD: 37 kV L
® PD-free s m))}////’ l \j
O LI proof — S

®O0
PD: 33kVISN  pp: 30KV
LI: 100 kV'

1 1 1
2000 2005 2010
Year

Rated insulation level [kV]

PD:I4 kV
2015

e Wide Variety of Published Designs / Many not Tested at Required LI Levels

D )
e Ny

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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MFT Example #1: Early Traction MFT Prototypes

m Coaxial Cable Winding m Core-Type m Shell-Type

[Heinemann2002] [Hoffmann2011] [Steiner2007]

Terminals
+ cable box
+ cooling channels

Cores (amorphous material)

’

- 350 kVA /10 kHz / <50 kg

- Nanocrystalline Core

- 38 kV PD/95kV LI Surge

- Water Cooling w. Hollow Inner
Conductor of Coax. Cable

- Unity Turns Ratio (!)

450 kW / 5.6 kHz
Nanocrystalline Core

QOil Isolation / Core Cooling
Hollow Conductor Water Cooling

500 kW / 8 kHz / 18 kg
Nanocrystalline Core

33 kV PD /100 kV LI Surge

Water Cooling w. Hollow Conductors

gl

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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Power Electronic Systems

FEE Laboratory
MFT Example #2: 15 kW / 200 kHz

m Multi-Cell SST Connecting to 13.2 kV MV Grid / CLLC DC-DC Isolation Stages
m 15 kW / 200 kHz / > 99.4% Efficiency / PD Test @ 17.2 kV, HiPot Test 60 s @ 34 kV RMS

m Vacuum-Pressure Impregnation (VPI) with Silicone Gel Material
£= S
Ca. 180 mm x 140 mm =

Creepage and

clearance distances I
17.2kvms{
MV winding

® Isolation System w. Semi-Conductive Shielding & E-Field Stress Grading on Bushings

e Bushing Overhead: > 50% of Total Volume (!)
[Li2021] 126
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MFT Example #3: 80 kW / 43 kHz

m Planar Transformer w. Low-Cost Ferrite Core

m Epoxy FR4 Isolation for 10 kV Distribution Grid / Tested at 42 kV RMS for 72 s

Magnetic
Core
Secondary

coil

Insulation

Air-gap
Primary
coil
Magnetic
Core

Coupling coefficient

1.00
0.99

)
*

0.97 1
0.96 A
0.95 1

&
K=l
=

0.93 A

0.92

Coupling vs. E-Field Trade-Off

Insulation Thickness

e Compact Design (21.1 kW/dm?3, 308 mm x 308 mm x 40 mm) w. Large Cooling Surfaces
e Full-Load Efficiency of 99.25% (Calc.) 2 850 V DC SiC CLLC DC-DC w. 99.3% @ 24 kW and 98.7% @ 80 kW (Meas.)

s i
A

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Laboratory

MFT Example #4: 240 kW / 10 kHz

m Hybrid Solid/Air Isolation System Design for 50 kV DC System Voltage
m Air Gap Wide Enough to Avoid PD / Discharges in Air Allowed During LI Tests (Solid Insulation Takes Over)
m Low ELl. Field in Solid Insulation During Normal Operation & High Surface Area for Cooling
air flow @ epoxy

m Full Dielectric Testing of Prototype LV winding _
® 70 kV rms /1 min e
e 150 kV LI (10 Pos., 10 Neg. Pulses) core
® PD Inception at 35 kV rms (Target: 53 kV rms) :

- Improved Field Grading Necessary

Field Grading ~ ™YWndng —

Around Core =
t ‘ _ ADD

Air Discharges

/ (By Design)

g

|
-“l—
g2

e Alt./Opt. Bushing
Arrangement

(Bushings Longer than Necessary)

[gradingerNovellnsulationConcept2017, Gradinger2018a] 128
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MFT Example #5: 1 MW / 5 kHz

m Two-Vessel Concept w. 2 x 2 Identical Oil-immersed Windings (Biodegradable Synthetic Ester Midel 7131)
m Hollow Cooper Conductors (Deionized Water Cooling) & Air-Cooled Nanocrystalline Core (400 kg)

m 2:1 Turns Ratio (Primary: 2 Wdg. in Series, Secondary: 2 Wdg. in Parallel)
o] |
_EPFLEEE

685 mm

ol

e Calculated MFT Performances: 99.18 % Efficiency, 3.47 kW/dm?3 and 2.36 kW/kg Power Density
e Target Application: IGCT-based 1 MW 10 kV to 5 kV DC Transformer

[Djekanovic2022] 129
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Remark: Mixed-Frequency Electric Field Stress

m Combined Electrical Field Stress: Large DC or Low-Frequency Comp. + Smaller Medium-Frequency Comp.
m Common-Mode LF Stress + (Mainly) Differential-Mode DM Stress = DoF for Insulation Syst. Optimization

LF: CM MEF: Mainly DM
RS — e —_ top cell 50 Hz [kV/mm] MF [kV/mm]
|: DC DC . 2.12 T 0.53
AC /T /T w0 | _
Vi C) Vo DC DC -
ine l /\/ [ A e oC - -
Lo DC L wl | 18 0.40
AC 1 DC 1 - r11.50 X
: DC DC .
= = _ . 40.30
E
E o : —
> 11.00 .
SE00V | 3L cells . | 0-20
: |
’m 0.50
E . 0.10
2
_40 = L
10 : . : 0.00 ' : : 0.00
-13 0 13 -13 0 13

x [mm] x [mm]

m Known From Electric Machine Insul. Systems / Physical Breakdown & Ageing Mechanisms To Be Clarified

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Remark: Dielectric Losses

m Frequency-Dependent Dielectric Losses / Full Description w. Freq.-Dep. & Temp.-Dep. Complex Permittivity
m Case Study w. 25 kW / 48 kHz MFT for 7 kV DC to 400 V DC DCX
Runaway @ Glass Transition Temp.

Epoxy / Losses Epoxy / Tempeéxature .
120 -g::l:mg 150 ﬂ1mnwaﬂ‘ Ep:)xy Resin
9 = Cooling 125 [ Tinsutation max| 27A' @ O kW
— @ [nsulation /
5 (o] | o | =l 17% @ 25 kW
7 60 < 100 {Teorenne] <
] [ —— ) core,avg
2 < ] i S &
. nominal —]
Pdiel X f Erms 30 —el 75 S
_— — ] [Paomina]
Electric Field Dielectric Loss [F— ‘
15.0 0 30 — i
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
6.96 P [kW] P [kW]
Silicone / Losses Silicone / Temperature
323 F 120| = Winding 150 Silicone Elastomer
5 ow Lore
; 90 -COOIing 125 |Tinsulation,max| 16% @ 0 kW
1.50 - — = Insulation / o
E E‘ / 8 Tcme,max / 11%’ @ 25 kW
2z 60 o 100
0.69 g = e,
& g < |fw=] > —7{ NoRunaway
= Pronina] S
0 32 30 nominal 75 —_‘_'_'
* -// Pnominal
0.15 O* 50 @M |
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
P kW] P [kW]

® Experimental Verification w. Small-Signal Diel. Spectroscopy and Calorimetric Meas. at MV Levels
e Careful Choice of Insulation Material is Essential (Field Strength/Thermal Cond./Dielectric Losses)

N
W /i
)2 vermanr

p ETH
b 2 [Guillod2020a] 131

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13



S1C I Power Electronic Systems
I'— Laboratory

MFT Example #6: 166 kW / 77 kHz Air-Core Transformer

m MFT for 166 kW DCX (7 kV DC Input/Output) / Clarification of Efficiency vs. Weight Trade-Off
m Full Pareto Optimization / Design Selection ny.pc 2 99% & Transf. w. Highest Gravimetric Power Density

Air-Core Transformer (ACT) @ 77 kHz Magnetic-Core Transf. (MCT) @ 40 kHz

Aluminum shielding

Core
s \ ”"/ Air stream
E g Y / bounding box
« £ ' o : Winding
! g LS = _’,__.———"' package
) 2 \ .
"_."‘; (o] \
' 3
s
K . ‘\ 248 kg
16.5 kW/kg Z / 6.7 kW/kg
Scale 1:1 99.5% Scale TG A3 99.7%
(b)
My =10.1kg  Npcr =99.5% Mycr = 24.8Kg  Nyer = 99.7%
Mpcpc = 17.2kg Npepe =99.0% Mpcoc =29.7 kg Npepe = 99.2%

e ACT with Aluminum Shielding 2 Meets ICNIRP 2010 Guidelines for Exposure to Magn. Fields @ 20 cm
® ACT: A-Posteriori Creepage/Clearance Tuning by Barrier Elements / Isol. Test. +9.6 kV DC, 6.4 kV AC (1 min)

ETH
[Czyz2022]
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Remark: Parasitic Effects in MFTs

m PWM Excitation with Short Rise Times Non-Uniform Volt. Distr. in Windings (Prop. Delays, Resonances)
m Similar Phenomena Known from PWM Motor Drives

( !) -+ 3.8 MHz
— 1
2 05 k Meas. Turn-by-Turn
E of | 36MHe Peak Voltages
2-0‘5 T
> -1 I
— Computed
HF Model of 15 ~ Measured
0 1 2 3 4
a 3:3 MFT t [us]
s PWM Spectra (Diff. Rise Times)
|||-( )—; ; I [ | '_ ?
S =)
,||__|T 2 : W3:t,=54ns N
v Cro fi2 E Wi =927ns— / 7 «
HY L _| , E c,3
o Ciy | g],i Cys 3 «© v fe=1/7t; Je i :
- = A ST Y
G, W Inter-windin iy 107°F ’U dv/dé e
Y capacitanc:eg U L t Wa » :
- o e = ns
NG omv bt oy of F T 3

L UHV,1 ~— Turn-to-ground capacitance - ULV, 1 16’1 165 l(IJG I | 167 j_ ’l7 1l5 2l2 2I8
I [
e Turn number - HV
m Mitigation: Spectrum Corner Frequency < Transformer Series Resonant Frequency

e dv/dt Limitation (cf. Motor Drives!) or Minimizing Transformer Stray Capacitance
‘l l. I. EINDHOVEN
ABB TU/e izt

[Cremasco2022]
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SST Concepts & Key Design Aspects

— Isolation Coordination
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Isolation Coordination

m Decisive Voltage Class (DVC) of MV Side Circuitry: DVC-D (> 1 kV AC or > 1.5 kV DC)
e “Safe Isolation” Towards Circuits with Other DVC / Direct Contact = Rl Required
e Bl Towards Touchable Grounded Parts Sufficient / Bl or Fl Between Circuits with same DVC

Aux./Ctrl. FI Fun-ctional Isol.
T T Bl Basic Isol.
RI RI Rl Reinforced Isol.
OVC = OVC |mv - RI LV
MV Y
v I1I
, AC AC
MV Gride — O —T—LVDC
AC DC v
BI 'BI "BL
Overvoltage Categories 1 MV MV LV LV
Direct Grid Conn. = OVC IV ) oy v
OVC IV = Surge Prot. > OVCIII Ra Metal Enclosure
e Simplified Example Only EN IEC 62477-2
Always Consider Applicable Standards in Full Detail! Powr electionts converiers fom 000V AC or 1500 V DC upta 36 KV AG or 84 KV DC

BCCE 26:5. 135
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Laboratory

Clearance

m Example: 13.2 kV MV Grid / Based on IEC 62477-2 (Simplified)

e Step 1: System Voltage 13.2kV  (Phase-to-Phase RMS)
® Step 2: Overvoltage Category  OVC-lII x 1.6 for RI!
s
e Step 3: Basic Impulse Level (BIL) / Lightning Imp. (LI): 63.3 kV (BI) 101.2 kV (RI) Tab. 101 (Linear Interp.)
Temporary Overvoltage (peak): 42.7 kV (BI) 68.3 kV (RI) Tab. 101 (Linear Interp.)
e Step 4: Basic Isolation (BI)  BIL63.3 kV 120 mm Tab. 102 (Grid-Connected Circuit / No Interp.)
TO 42.7 kV 106 mm Tab. 102 (Linear Interp.)

Reinforced Isol. (RI) BIL 101.2 kV 220 mm Tab. 102 (Grid-Connected Circuit / No Interp.)
TO 68.3 kV 183 mm Tab. 102 (Linear Interp.)

[

7 7

e Special Considerations Apply for f> 30 kHz (Appendix F) and for Altitudes > 2000 m
e Simplified Example Only — Always Consider Applicable Standards in Full Detail!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Creepage

m Example: 13.2 kV MV Grid / Based on IEC 62477-2 (Simplified)

e Step 1: Working Voltage 13.2 kV (Exemplary; Depends on Specific Volt. Waveforms, etc.)
e Step 2: Pollution Degree PD-2 Typically Only Non-Conductive Pollution
e Step3: Isol. Material Group Group | CTl > 600 (CTI: Comparative Tracking Index)
e Step 4: Basic Isolation (BI) 66.4 mm Tab. 103 (Linear Interp..)
Reinforced Isol. (RI) 132.8 mm 2 x BI

m But: Creepage Requirement Cannot Be Smaller Than Clearance!

Basic Isolation (Bl) 120 mm —’l "*Mmm

Reinforced Isol. (RI) 220 mm W
/) 7

e Special Considerations Apply for for f> 30 kHz (Appendix F)
e Simplified Example Only — Always Consider Applicable Standards in Full Detail!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Testing Requirements

m Basic Isolation BIL Test + AC or DC Test
m Reinforced Isolation  BIL Test + AC or DC Test + PD Test (for Solid Insulation)

m BIL Test

e 1.2/50 us Surges: 3 x Positive + 3 x Negative Polarity w. Pauses > 1s
e Alternative: AC Test w. Peak Voltage = BIL, min. 3 Periods

® Type Test & Random Tests

m AC or DC Test
e Bl: Temporary Overvoltage

® RI: 1.6 x Temporary Overvoltage (Type Test Only) v
® Type Test > 60 s/ Routine Test >1s 1,875 Unp
1,5 Upp

m PD (Partial Discharge) Test

® Test Voltage U,y = Sum of All Repetitive Peak Volt. Sep. by Isol.
e Specific Voltage Profile / PD Discharges < 10 pC During Test

® Type Test & Random Tests

v

<< Bg—> <15s !

e Simplified Example Only — Always Consider Applicable Standards in Full Detail!

ECCE 265 5. 138
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Remark: System-Level Perspective

m Two-Stage Transformer Approach k 1o 110 114
101
First-Stage: Isolation for Nominal Voltage (PD Tests) i f
Second Stage: Isolation for BIL —Ac E _
econ ag solation tor \L A :I p = PS/9
The A No BIL Test
m More Compact Real. of 15t Stage MFTs, e.g., w/o Bushings :ACAC :ll |

—AC

,/AC :II_,,

Npdu ||

yzdn |

:ACAC :I L

LTAC P = PS

- /AC :I I_. BIL Test

:AL / :I L 2-1.4 o [__/2_1IG212202
LTaC 1y o

__|ac :l L_J I: ACDC _\L

| 100 \ | 200 |
l 1

e Design DoF / Separate Optimization
e Especially Interesting for Lower Voltage & Power Ratings (Construction Overhead)

ECCE 2650,

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Isolation Design Example #1: Cell Housings

m Isolation Requirements not Limited to MFT
m Components on MV Potential (e.g., Heat Sink) Require Isolation Towards Cabinet/Ground

7~
BOMBARDIER

Insulation housing
- (laminated plastic)

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

(Semi-)conducting coat
#field design

Slots \
slield design T~ o
Zincrease of 2 Metallization
creepage distance #field design
X #EMC shielding
Bulge o
o s >
#field design AR ,
----- Glass bubble filled PU
e 5 S R AR ,"nmse of
. . X% dielectric thickness
Discharge barrier & stabilization

(Polyethylen) Wi :
#avoidance of discharges Indentation * Metallization

along insulation surface - N
#field design #field design

[Steiner2007] 140
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Isolation Design Example #2: Guard Rings

m Electric Field Management in a Stackable 10-kV SiC / 6-kV DC / 1 MW Full-Bridge PEBB
m Heat Sink w. Sharp Edges Critical | ’ —

Corona at Sharp Edge
w/o Guard Ring

—p

Outer enclosure
(earth ground, 0'V)

Auxiliary ‘ Grou_nd Metal Plate 3 |
. . Plastic Support Bars
Circuitry

Insulation Distance

[nner enclosure
Local d, up to 30 kV 1 ] B
(Local ground, up 0—>) I 0 — Heatsink and grolunded metal plane wo guard nné
f] [ 20+ *
__________ - ¥ i i— e e e o e e ] . )
5 [ o —- DC Capacitor cases ° . —— Heatsink, grounded metal plane and guard ring (aluminum)
AC One-tum Inductor by i) —sd I - (local grl;und 27kV) w75 mm x = ’ il :
(local ground, 27 kV) ] ’ o 18 O —— Heatsink, grounded metal plane and guard ring (3D printed
Heatsink <) ) plastic with conductive painting) )
(local ground, 27 kV) @ K R.:5 mm
= 16) B X2
-
#
Power =
Stage ; 14
2
DC Cooling Fans R 12
’ (earth ground, 0 V)
! 10 1 1 Il 1 1
15 20 25 30 35 40 45 50 55 60

Insulation distance in air between the heatsink and the grounded metal plane (mm)

m Guard Rings Reduce Isolation Distance from 80 mm to 20 mm for 20 kV RMS PD Inception Voltage (PDIV)

[Xu2022]
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Isolation Design Example #3: MV Inductor

m 13.8 kV Grid Filter Inductor for 100 kW, 10-kV-SiC-Based Converter
® Specs.: 44 mH /4.2 ARMS / 23 A Inrush / 40 kHz Eff. Sw. Freq. / PDIV > 10 kV RMS / BIL 95 kV

Bobb: duct for cooling

( ~N
0% Focus of
this paper od
|_ _|__ 4 oB 13.8kV Mechanical
Lo oc (line-to-line) Winding with . §§ «+ support a
- ac/ 60 Hz shielding ;ii i g
—ON NS - __——Core =
Terminal without ™\ = =
shielding e 8
\ ~Nylon sleeve =]
8s0v HV cable % % \va‘%mer ',?j
dc ‘ “ : m r\:
b} s 7 4
1 q i /
Silicone putty »
o—4 i 1 C, THE UNIVERSITY OF
IC ; U s ;
. . B I § TENNESSEE
1.7 kV SiC MOSFET 10 kV SiC MOSFET Phase A KNOXVILLE

e Compartmentalized Winding to Reduce Max. Layer-Layer Stress

e Silicone Elastomer Insulation / Field Grading w. Shielding Layer on Winding Package Surface
e DC HiPot Test Pass @ 46 kV for 1 min / PD Test Pass @ 12.1 kV RMS

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,
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SST Concepts & Key Design Aspects

— Protection
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Potential Fault Situations in MV and LV Grids

m Extreme Overvoltage Stresses on the MV Side for Conv. Distr. Grids

D

@ Very fast front  Fast front Slow front
50kV 10kV @ = Arcing transient  Lightning surge ~ Switching transient
:—@ o " N—— . £,=3-100 ns £=01-20ps  £=20-1000 ps

5 tr=1-3 ms tr=100-300 us  #=1-20 ms

-L é 0KV i@ @ Internal Fault

'O —— _ . .

G \ T @ Lightning Surge / / /

s Switching Transient | 5

o @ @ & é 23 / / Temporary Permanent

g @ MYV Short Circuit o Earth fault Load condition

g =S \ |

= . . < 1.7

'—".:i X X, X CS) LV Short Circuit 4 O \ \\

400V 2400V 400 V (®) Nonideal Load 1.0 ¥
- t t t U t t
YYY Yy *erlrivi@%irv#lv 10ps  100ps Ims  10ms 100ms  1s
@ix =

m Short-Circuit Events on MV and LV Side
e Protection Scheme Needs to Consider Selectivity / Sensitivity / Speed / Safety / Reliability

[Guillod2017a]
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Possible SST Protection Concept

m Extreme Overvoltage Stresses on the MV Side for Conv. Distr. Grids

MYV Protection SST LV Protection
- - AP =1
+ DCl-¢
L?l/ ,_Elmx_ C J NN ——) /,_L3
Disconn. \Breakerl ‘Char .' AC
8 RO PEN
Fuse Res.

ﬂﬂ Ro Breaker HHH Disconn.
=Xz L Fuse I LI

— N

Surge Arrester MV/LV Earthing Surge Arrester

m Short-Circuit Events on MV and LV Side
e Protection Scheme Needs to Consider Selectivity / Sensitivity / Speed / Safety / Reliability

[Guillod2017a] 145
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Example: Surge Protection

m Lightning Impulse Defines Dielectric Strength Requirements (Isol. Coord.)
m But Consider Also Surge Energy Propagation Inside of the SST

Vin,SST,c

~

Vp

Vin,SST

Tres

maxt(lm SST)

4 DC0.55T

TYES

lin.SST

CDC,SST
Vbesst

AR inSST ey L}
LFT SST o—p——{1

Rscrsst Lscrsst ¢

~
vl
vl
U
<
-

VDC SST

=~

Vlight
III_

=

[

V0,88T

e Depends on Operating State of SST (Active/Passive) & Grounding Scheme
e Defines Minimum Values for Input Ind., DC-Link Cap., Blocking Capability, ... =2 Strongly Affects SST Design!

[Guillod2017a] 146
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Protection Impact Case Study

m Impact of Protection Requirements on Example SST Design (1 MVA @ 10 kV Grid)

e 9 Cells
e SiIGBTs 1700V, 100 A
e [ . from IEEE 519

sst

protection
requirements

£22.5
considered / \
/ 1Q A
100

- 12 Cells
- 1700V, 200 A
-2 L. from SCR = 7%

sst

Lsst [mH] protection
requirements

not considered

/

7 5\93

Lsy [A]

\ /SST [F]
’15 3

0.4
Vinax [kV]

2.6 X Inductor Volume

protection
requirements
considered

\J

220" 1004

protection
requirements
not considered

e

2.2 x Chip Area

implications

m Significant Impact on MV-Side Power Electronics Dimensioning!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

/ Vesst [Y0]
\\ 9

12

Reell

[Guillod2017a]
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Example: Lightning Protection Scheme

Tech
m Five Stacked Cells w. 3.3 kV SiC = Max. Total Blocking Volt. 16.5 kV I

Georgia @1
m Two-Stage Lightning Protection Scheme for 7.2 kV / 50 kVA Current-Source SST V

L, L,
+
# SST M1 Mg, 7
LV —# SST M2 Mg, 4 =
DC/ va M2 rH) M1 MV 7
AC AC o M, it 3
50 . .
] SST M5 Mss -+ 47.2 kV Uy
40 t
M1: 15 kV Gapped MOV
M2: 3 kV Gapped MOV = 0 r
(Eff. Sparkover @ 12 kV > Peak Grid Volt.) % -
L1,12: 150 uH Air-Core Inductors g7
/ P 13.1kV Vms
m 90 kV LI Test = Stack Input Voltage < 13.1 kV g
-10 . .
0 50 100 150
Time (ps)

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Outlook: Advanced Protection Schemes

m Mitigation of High Impact on SST Design: Solid-State Breakers / AC Crowbar / ...

Lin,SST

Rscrsst Lscrsst ¢

H %
|2
[ IVA,SST
SSB ¢ Pl :
. — . al 4
IinSST e o=l _1/\(:.,5;51 J 8’ J
IE |RSCR,SST Lscrsst U=; 1 —
——
@ ACC[ Ii}
e -n} é DC o
21 ]VA Roeq.ssT °
£

EBCCE28:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Reliability Modeling (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. (Example: Cosmic Rays = Semicond. Failures)

m [A] =1 FIT (1 Failure in 10° h)

Source: H.-G. Eckel
Univ. Rostock

Random Failures  e— , =
— - FIT [ 1700V o 4 I ~
E const. . — \Ger i/ 7z
o "Useful Life" : i ,./'
& : 1000 25e
ae Alt : A s
x / (t) 5 ooommist /7 7712 AMSLJ
f— .
3 . ': , :‘ / ]
: FF
J o]
2 L 12
0m AMSL 1 0Om AMSL
ne ; 0V—=" | A T 1 U
Time 1000 1050 1100 1150 _Yd
Y

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

151
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| Laboratory
Reliability Modeling (2) — Reliability Function
m Reliability Function R(t): Probability of System being Operational after Time t

R(t) = e—fot/l(x)dx — ot

A(t) = const.

Reliability Function

m Mean Time Between Failures (MTBF)

* ® 1 / Time
MTBF =f R(t)dt =j e Mdt ==
0 0 A
m Multiple Elements: Series Structure »—E HE ... 4E >
n =
Independent Cells <
Ag = Z Ai with Equal Failure Rate
=1
0 —
time
[Textbook: Birolini1997, Huber2017] 152
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Redundancy in Multi-Cell Systems

m k-out-of-n Redundancy: System is Operational if at Least k-out-of-n Subsystems are OK
® Subsystems: Converter cells, etc.

n=k+q

] —_ *~— —e
*— — *— —e
k Elements —— E —— —— E — >
N

time

Independent Cells
with Equal Failure Rate
m Redundancy Significantly Improves System Level Reliability (!)
m.i i [Textbook: Birolini1997, Huber2017] 153
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Cost of Redundancy

m Redundant Cells = Additionally Installed But Unused Power Processing Capability
m Example: Phase Stacks with Same Total DC Voltage & Different Number of Cells

Similar Redundancy Effort (!)

6+ 1 Cells 11 + 2 Cells

WWoe .................................
s OF
= ||| e
- | T 5
A S S —— =
=
E
e R e ) g N A S | i
qg=2
20 30 40 50

Additionally Installed Power [%]

m Similar Added Power Capability = Similar Normalized MTBFs
e Caution: Simplified Consideration / Beware Overheads and Reliability Bottlenecks

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, an,USA @ct.9-13

[Huber2017]
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Reliability “Bottlenecks”

m Very Effective Reliability Improvement by Means of Cell-Level Redundancy — Too Good to Be True?

No Redundancy 3 Redundant Cells
1 T T l T T T I l I / T T T T | T T

Control hardware
part only A

e
™

Control hardware
part only

<
FS

Converter Reliability
(o]
[+)]
o
~

1
Converter Reliability
o
&)
T

02 : 02k Full converter o LI ]
Full converter Nr=3 \M
0 - L L L 0 L 1 1 1 1 i I h
4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
tin years tin years

Control Hardware Becomes Limiting Factor!

m Redundancy Effectiveness Limited by Other (Non-Redundant) Parts of the Converter System
e Control / Auxiliary Supplies / Communication Systems / Bypass Devices / ...

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Remark: Redundancy for Single-Cell Systems

m Example: Medium-Voltage Motor Drive System Redundant Series
Device
Kz Kz S
%l:: 4 = 4 & N
S S N

4 = K= T T X =&
v
%l:: = 4 = = N
4& pai 4 = 4 =
Ime.: M. Hiller, KIT Press-Pack NPC Phase Module
StakPak Subunit
(.Submodule®) . (Converteam GmbH)

Img: powerguru.org

m Semiconductors with Fail-To-Short Behavior Required — Press-Pack IGBTSs, etc.

ECCE a6

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Remark: Fail-To-Short with WBG Devices

m Normally-On Switches Offer Fail-to-Short w/o Need For Melting Process / Press Packs
e Passive: Short-Circuit Failure Destroys Gate Connection and/or Gate controller
e Active: Sensors & Module-Level Controller Detect Failure and Apply 0 V to the Gate

12 Balancing Circuit

381}\ ‘ ‘\\ ‘ - 16— L /24
NormaIIy—On\ L.':I L.':Tl L,':Tl _|1 ::?g

Main Switches I
w—] &

™

13

0~ _ ——r——
HREEE T o
8—| T 13
10\ T T * 1 ERN 68
HHE =L -
. L I“’f_\l_ A 68
16
e
18—~

m Balancing Circuit Ensures Voltage Sharing / Only Subject to Transient Current Peaks
e Capacitor Connected in Parallel to Main Switch During OFF-State > Defines Voltage Sharing

mnm [Drofenik2019a] 157
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Standardization
m Existing (Safety) Standards Such as IEC 62477-2 (Safety) Must Be Considered

Schweizer Norm
Norme Suisse
Norma Svizzera

EN IEC 62477-2

Safety requirements for power electronic converter systems and equipment - Part 2:
Power electronic converters from 1 000 V AC or 1 500 V DC up to 36 kV AC or 54 kV DC

m Ongoing SST-Specific Standardization Activities

UL Outline 2877 Ed. 4

UL LLC Outline for Investigation for Power Supplies,

@ Medium Voltage

UL Outline
Outline ©2017 ULLLC
@ Scope
2877, Edition 4

Edition Date: January 13, 2022

“[...] covers requirements for power supplies with
input voltage ratings greater than 1000 V, to 38 kV.”

ECCE 2650, 159
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Grid Harmonic and EMI Standards

m Low-Frequency Grid Current Harmonics (MV and LV Systems)

IEEE 519, IEEE 1547 up to 50™" Harmonic

e BDEW Limits (Germany), ...

m High-Frequency EMI Limits for LV Systems

® 9..150 kHz
e 150 kHz ... 30 MHz

Upcoming = IEC TS 62578
CISRP 11

QP Limit (dBuV)

m EMI Limits for MV Systems TBD!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

140 pr . e
---------- VDE 0871 A ==>== CISPR 11 Class A
_______ IECTS 62578 C1 =~ ==0= CISPR 11 Class B

120 —— ===IECTS 62578 C2  ==o0=— IEC 61800-3 PI 1

----- IEC TS 62578 C3

IEC 60533 General
—s— IEC 60533 Bridge
—4— CISPR 15 4

100
80 | .
60 —t—
40 1 1 L 1 L | I 1 1
9 150 500 5 30
kHz kHz kHz MHz MHz

ETH:zurich
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SST Concepts & Key Design Aspects

— Construction & Testing
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From Conceptualization to Realization

m Actual Realization of a Modular MV Converter Systems - Complex / Interdisciplinary Task

PCIM Europe 2015, 19 — 21 May 2015, Nuremberg, Germany

e |solation Coordination / Cooling / Control & Communication / Integration Technologies for a Fully Modular and
Hot-Swappable MV Multi-Level Concept Converter

Hot-Swapping / Auxiliary Supply / Mechanical Assembly /
-Swapping / Auxiliary Supply [ v/ ..
Didier Cottet, Wim van der Merwe, Francesco Agostini, Gernot Riedel, Nikolaos Oikonomou,
Andrea Ruetschi, Tobias Geyer, Thomas Gradinger, Rudi Velthuis, Bernhard Wunsch,
David Baumann, Willi Gerig, Franz Wildner, Vinoth Sundaramoorthy, Enea Bianda,
Franz Zurfluh, Richard Bloch, Daniele Angelosante, Dacfey Dzung,
ABB Switzerland Ltd., Corporate Research, 5405 Baden-Dattwil, Switzerland
Tormod Wien, Anne Elisabeth Vallestad, Dalimir Orfanus, Reidar Indergaard, Harald Vefling,
Arne Heggelund, ABB Norway Ltd., Corporate Research, 1375 Billingstad, Norway

Jonathan Bradshaw, DPS Ltd., Auckland 1010, New Zealand

Contact: didier.cottet@ch.abb.com
> 25 Authors (!)

1kV /600 A

PEBB with
2 Cells

DC Power Supply
-
N4

48 Cells Total

Phase Left Phase Right

Img.: W. van der Merwe

m 2 x 1ph MMC in Back-To-Back Conf. | 12 Cells/Arm | 11 kV DC max. | 24 kV rms Syst. Volt. | 70 kV BIL

[Cottet2015, Cottet2015a] 162
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Interfaces & Hot-Swapping

m All Interfaces Support Hot-Swapping @ 24 kV rms

Hot swap bypass

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13

PEBB
Power ___
- Aux. power --— PEBB
--- Heat -----
---- Control ----—
lectrical (‘"“"j‘>
insulation Swap in
and out
PEBB

Cell Interface

PEBB circuit:
2 series connected
uniploar MMC cells

Communication
(Wireless Optical)

Cooling
(Air)

cell voltage [V]

Hot-Swap

1000
900
800
700
600
500
400
300
200
100

ping Test Setup

soft release
bypass bypass
\ ¢ natural
Y ¢ re-balancing|
/ Al
— AN
pull-out ||| insert
PEBB PEBB
0 100 200 300 400
time [s]

[Cottet2015, Cottet2015a]
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Advanced Integration Technologies

m Building a High-Power/Voltage Demonstrator is a Multi-Disciplinary, Highly Complex Task!

Wireless/Contactless Aux. Power Supply ~ Wireless Optical EtherCAT Comm. Two-Phase Cooling

F inverter PCB hole for emitting diodes PCB hole for receiving diodes

Primary coil

Shield layer

1{" T e
“’i
Ay ‘' Sec ) ‘ - i
) \ Shield for —SSE SERT
- receiver
circuit i ?

Inner shell Groove
metallizaion metallizaion

[Cottet2015, Cottet2015a]
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Testing Infrastructure (1)

m Medium-Voltage and High-Voltage Testing Facilities & Experience

Img.: [Cottet2015b] Img.: [Cottet2015b] Img.: ngh Voltage Lab, ETH Zurlch]

m Source/Sink 100s of Kilowatts Or Back-To-Back Testing Concepts - Complexity

p
LV Bridge <:| MV Bridge )
oAb sith

400V _L_

soov| | I > s,;!K% szz_":%

Img.: electrical-engineering-portal.com

165
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Testing Infrastructure (2)

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

| DANGER |
HIGH VOLTAGE

AUTHORIZED

PERSONNEL ONLY
P 22222 2l Cl 4

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

m Large Space & Infrastructure Requirement / Considerable Investment (!)

166
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Remark: Education and MV Power Electronics

m PhD Students are Missing Practical Experience / Underestimate the Risk
m High-Power-Density Power Electronics Differs from Conventional (Passive) HV Equipment

m Very Careful Training / Remaining Question of Responsibility

TAKE CARE WHEN
USING ELECTRICITY

ITHAS THE

PO/ ARKILL .. cccnnve

Source: www.safetyposters.com

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

167

IEEE ENERGY CONVERSION CONGRESS & EXPO Betr



S1C I Power Electronic Systems
I'— Laboratory

Remark: Core Competencies for SST Design

m Developing and Actually Building a High-Power, Std.-Compliant SST is a Complex, Multi-Disciplinary Task

MV and LV

Power Electronics |, MF Transformers

Magnetics

Control Engineering
Isolation Coordination
HV Engineering

Software Engineering

\ Mechanical / Construction
WV Engineering
Life-Cycle Management %
Test Engineering

Sustainability / LCA

Circular Economy Systems Engineering

Business Model
Generation

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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Coffee Break
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Part Il]
Selected Results of Recent
University / Industry SST R&D Activities .
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3-@ 2-Level AC/DC—DC/DC—DC/AC SST (1)

m AC/AC SST for MV Mobile Utility Support Equipment (MUSE-SST) Placed in Mobile Container
m MV and LV DC-Links Facilitate Integration of Renewables / Energy Storage

DC Port 1: 7.2 kV

A~

4.16 kV Mains ?? §

7.2kV DC-Link = - = s
800V DC-Link MVAC{ ® A = y y ° } LVAC
480V AC Output . = T ).

100kW B g

J“}J“}Jﬂ? JE;}J”}J?PEQJ_“}J“}JEF JRFRFRY it v
Raas 2k e (U
7 BRERE] 163 B 670 FXETED

S 3

Eﬂf

MV Active Front End Converter Dual Active Bridge Active Front End Converter: LV
MYV Side

Device used:
10 kV SiC MOSFET module
XHV-6/XHV-9 modules

m 10kV Gen 3 SiC MOSFETs in Extra High Voltage (XHV) Half-Bridge Module | 50A @ 150°C | 6 Dies / Switch
m Thermosyphon Air Cooling | Series-Parallel Film Capacitors | Sandwiched Busbar

[

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroi
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3-@ 2-Level AC/DC—DC/DC—DC/AC SST (2)

m 3x 1-® Xfrm — Lower Basic Isolation Level (BIL) Voltage Comp. to a 3-® Xfrm — 26.7kV vs. 40kV
m Oil-Filled Plastic Container | 20kV Bushings | MV-Side Faradey Shield | Nanocryst. C-Cores | Ext. MV & LV Inductors

Low-voltage

/ winding
(N
Medium-voltage . . . . . . . .

winding Ch1: 500 V/div |

Core > LLH LL_""' LLJ”J Ch3: 500 V/div
High Voltage (in, inductor) L

, . Chd: 20 A/div |
High Voltage (in, transformer) ,ChS: 20 A/div

Low Voltage (in, transformer)

High Voltage (out) > Ché: 100 A/divw
i Ch7: 100 A/div |
|
M AN AN AN
Faraday Shield Time: 50 ps/div

Low Voltage (out)

m Experimental Analysis @ 30kW | 3.5kV | f,, = 10kHz — Xfrm Primary & Sec. Side Voltages / Currents

" —
ol on 7 lisE S A

; i IS g

5 o R =P Al

|

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, #ichigan,USA &ct.9-13
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3-® 2-Level AC/DC—DC/DC—DC/AC SST (3)

m Experimental Analysis of MV Active Front-End Converter
m 30kW | 3.5kV,. | f,, =10kHz om0 Conotr

Heatsink and Gate Driver (2%)

Modules (11%)
Vdc+
®~—  Grid side
J;: Inductor (26%)
Midpoint ) —
IO TTTTT
L)
Vde- Inverter side /
Inductor (58%) Volume Distribution

Filter Inductors (9%)
Controller and Gate Drivers (5%)

: 2 kV/div
Ch4: 25 A/div -
Ch5: 25 A/div
Ché6: 25 A/div
Ch7: 25 A/div
Ch8: 25 A/div |

Heatsink (4%)

~ Capacitors (<1%)

Semiconductor
Devices
81%

Cost Distribution

m Line-line Sw. Stage Voltages | Boost Ind. Currents | Mains Phase Currents — n = 95.5% @ 35kW
m Volume | Cost Distribution of MV Power Block | 0.2kW/dm3 | 550$ / kW | 0.6kW/kg

[Anurag2022, Anurag2022a] 174
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Center for Power Electronics Systems
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10kV SiC Ultra-Compact High-Power PEBB

GD

24 kV

ETH:zurich
m 1MW Full-Bridge Power Electronics Building Block (PEBB)
m 10kV/240A XHV-6 Half-Bridge SiC MOSFET Modules | 6kV DC-Link
m p=15kW/dm3
4KV -
o e
Electrical Potential Worst-Case Analysis (Nx6+3)kV  0kV 1]
N: Number of PEBBs in series = N x 6 kVV = Inner Enclosure Local | Earth ﬁ
= (N +1) X 6kV === (N X6+ 3)kV == Quter Enclosure Ground = Ground F== —E} ]
lb—lll -D L8 O I y— -E]
m X o Rogowski coil wWeT GDPSd
Isolated Auxiliary . <_basseec:':it:‘rrent \.-__-__Jg =| =
E Power Supply ; : o ‘\‘ Out H
‘3 P | Gate J ""‘—O 27KV — 1
[ o T Driver |. , OneTurn H—o \‘ 15 k“'m GDPST GD
T Pre- \—o-— : i Inductor 5 J .\ gf GND M2 24
Fans g’ Ll _@ Controller |! | 10kvSic \
X M o | IRER
—@ Gate .ﬂ ! o 2 ] '
- ortver [ ooy e I Qu
LY ™ "'D «— sensing | ] ‘|‘
Auxiliary Power Bus 1
WPT o = JS} \ GopsT
ol —1 \
ov
m Multi-Layer PCB MV Power Bus w/ Integr. Aux Power Distribution

v L b AINE” 4T
sexeni 1| =
IEEE ENERGY CONMERSION CONGRESS & EXPO Betroit, #ichigan, USA ic

v G.\ﬁ Mi 24 KV

J
1.9-13

m Voltage-Dependent Comp. Grouping / Isol. Coordination for 30kV CM Voltage w.r.t.e. | 25mm Heatsink Clearance
m Wireless or DC-Bus-Derived Aux. Supply / Curr. Loop Gate Drive Supply / Sw. Curr. Sensing / Temp. Sensing etc.

[Burgos2020, Dong2020, Mocevic2021, Mocevic2021a, Xu2022, Stewart2022, Lin2022, Fan2022]
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10kV SiC Ultra-Compact High-Power PEBB

m 1MW Full-Bridge Power Electronics Building Block (PEBB)
m 10kV/240A XHV-6 Half-Bridge SiC MOSFET Modules | 6kV DC-Link
m p=15kW/dm3

Current-based |solated Power ; Precharge
Heatsink & High Step-Down UPS . WPT
Supply (GDPS) ; B
Corona Ring Auxiliary Converter - e Converter
Temp Sensor (below)

Digital
= o Controller

Gate Drivers

Voltage Sensor

Discharge Circuit

Gate Drivers

-~ Capacitor
Daughtercards

MVDC PCB Bus
with Integrated
Aux. Power Bus

Temp Sensor

m Multi-Layer PCB MV Power Bus w/ Integr. Aux Power Distribution

ETHzurich

m Voltage-Dependent Comp. Grouping / Isol. Coordination for 30kV CM Voltage w.r.t.e. | 25mm Heatsink Clearance
m Wireless or DC-Bus-Derived Aux. Supply / Curr. Loop Gate Drive Supply / Sw. Curr. Sensing / Temp. Sensing etc.

e
mn Sl

- |
IEEE ENERGY COMVERSION CONGRESS & EXPO. Betroit, féic higan, USA &ct.9-13

[Burgos2020, Dong2020, Mocevic2021, Mocevic2021a, Xu2022, Stewart2022, Lin2022, Fan2022]

177



Power Electronic Systems
"= Laboratory

ETHzurich

10kV SiC Power-Cell w/ Integrated Output Inductor (1)

m 250kW Half-Bridge Power-Cell (HB-PEEB)
m 10kV/240A XHV-6 Half-Bridge SiC MOSFET Modules (4200kW/dm3) | 6kV DC-Link
m nN=99.6% @ f,,= 5kHz | 99.3% @ 10kHz for D=0.5 Power Circulation

m p=12kW/dm3

[ DC-link capacitors

Wireless power
transfer auxiliary
power supply

?“

Power switches

_ Jis

-~

Power Cell |

Sensor Inductor

L om "

a

Gate | Gate |
driver || driver
y §

GD GD
PS PS

PEBB controller

Fiber optic cables

A

System
controller

Power
ma“ag,ime“t ALTERA Max10 ——
Current transformer-based "\ FPGA

power supply primary side _— =

~ Rogowski
coils
Current bus .
Wolfspeed.

GEN 3 XHV-6 10 kV 240 A
urrent-boostersand SiC MOSFET Module
active Miller clamp

Current transformer-based
power supply secondary side

m Multi-Layer PCB DC-Bus | Gate Driver for 100V/ns Sw. Speed | PCB Rogowski Coil Sw. Curr. Sensing / Protection
m Local Controller & Voltage/Current Sensors | Wireless Aux. Supply | Curr. Loop GD supply | Temp. Sensing etc.

e
B e

i f
IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, #ichigan,USA &ct.9-13

[Burgos2020, Dong2020, Mocevic2021, Mocevic2021a, Xu2022, Stewart2022, Lin2022, Fan2022]
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10kV SiC Power-Cell w/ Integrated Output Inductor (2)

m 250kW Half-Bridge Power-Cell (HB-PEEB)

m 10kV/240A XHV-6 Half-Bridge SiC MOSFET Modules (4200 kW/dm3) | 6kV DC-Link
m nN=99.6% @ f,,= 5kHz | 99.3% @ 10kHz for D=0.5 Power Circulation

m p=12kW/dm3

m
160 ] Holder
Converter connections Grounding ) (top)
DC-source input C(b)gll?ser Grounding
network
40 mm
Threaded
rods
3 kV capacitor
dautherboard cards Holder
24 kV motherboard (bottom)
converter dc-bus
— Locally grounded wdg. outer shielding layer
— RC damping network btw shield & DC midpoint
— Double layer dielectric shield termination
m Converter-Level PCB-Based DC-Bus Assembly | Power-Cell Integrated Output Inductor

e
mn Sl

- |
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10kV SiC Power-Cell w/ Integrated Output Inductor (3)

m Experimental Analysis in 2-Cell/Arm Converter | 12kV DC-Link
m n=99.2% @ f,,~ 10kHz @ D=0.5 Power Circulation

—_—
Outer enclosure
(earth ground, 0 V)
Inner enclosure
(Local ground, up to 30 kV)
—_—

AC One-turn Inductor
(local ground, 27 kV)

Insulation Distance

Power Connectors SR L Ll T
(local ground, 27 kV)

DC Cooling Fans
(earth ground, 0 V)

Auxiliary
Circuitry

(local ground, 27 kV)

Power
Stage

Larm

+
VLIA

VLZLX

I~ 'aster

DCPCBBus DC input
UL Assembly Y _—

T
—U2B

ntroller

—L1B
| T

128

m 10kV SiC MOSFET-Based Power-Cell | 2-Cell/Arm MMC Bridge-Legs / Q2L-Modulation / Power Circulation
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10kV SiC Power-Cell w/ Integrated Output Inductor (4)

m Experimental Analysis in 2-Cell/Arm Converter | 12kV DC-Link
m nN=99.2% @ f,,~ 10kHz @ D=0.5 Power Circulation

DCPCBBus « DCinput
Assembly Y

CT-based 4 ‘+ +

Controller
power supply

Digital
SENnsors

Enhanced +
gate-drivers

Mini UPS Cac

DC-bus
caps

WPT-APS Vil
& precharge U T
7 Larm

Wolfspeed. \
- +
XHV-6 10 kV 240 A bLy V

$iC MOSFET Module i =
Inductor +
Discharge Part of modular Vioa
Al structure - ~

m 10kV SiC MOSFET-Based Power-Cell | 2-Cell/Arm MMC Bridge-Legs / Q2L-Modulation / Power Circulation

mn
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Advanced MMC Modulation Schemes

[Burgos2020, Dong2020, Mocevic2021, Mocevic2021a, Xu2022, Stewart2022, Lin2022, Fan2022]

Vi
Vi |
dela dela
i [
Phase-shft-180° v \;
12 /
; | ' r—
i [i0] | |
i |
-~AV(?2TI AVjL’ .
= .”AVCLI N '
\v4 -

m SCC Cell Volt. Balancing & Shaping of Arm Currents

m Minimization of the Cell Capacitance & Arm Inductance
m Voltage Balancing of Cell Capacitors over Each Switching Cycle (SCC) — Enables DC/DC Operation (!)

m Quasi-2-Level (Q2L) Output Voltage Generation w/o Arm Inductor

Mocr o
2
Cells in Vi
on-state ()
Voepooo—— o= :
2
R VU2
0 .
| l 1 1
L i i
!
0 b=-- s .
mpact of pajasitc , H
Tow | Ve il e —— !
- 2
"“No arm Vu
+ inductance 0
Moo -
0 I paﬁt oft pafasitc
CeHS in 0 mdcutancy
(off-state
’Ioul
Vl)(:

0

+

ETHzurich

| Q2L — Integr. Cap. Blocked Transistor (ICBT) Concept
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Series-Connected 10kV SiC 3-® AC/DC Converter Power

m 200kW | 11kV 3-® AC-Grid / 16kV DC-link
m 10kV / 16A XHV-9 Half-Bridge SiC MOSFET Module | f,,, = 10kHz
m nN=99% | p = 5kW/kg

Switch
_ | current

+DC Bus

Wa's'a W

Harmonic

& EMI =YY Y\ r
Filters |~~~

O—
O—
O—

-DC Bus

Series-Connected
10 kV SiC MOSFETs
___————I——-——~

m 16kV PCB DC-Bus Motherboard w/ E-Field Shaping Layers
m Passive dv/dt Symmetrization & Active GD Delay Voltage Balancing
m PCB Rogowski Coil Sw. Current Sensor / Protection (500ns Response)

Nes i
mn i
[

2 B J
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Series-Connected 10kV SiC 3-® AC/DC Converter Power

m 200kW | 11kV 3-® AC-Grid / 16kV DC-link

m 10kV / 16A XHV-9 Half-Bridge SiC MOSFET Module | £,, = 10kHz
m nN=99% | p = 5kW/kg

e 1.5 kV film capacitor
g : daughter-card

P

= -
F " -
. - Gate-drivers
. & :
~ -

y

Gate-Driver

V4s R-C sensor g z

board . 1 Phase-leg terminals
Rogowski-coil ¥ -

board
10 kV SiC MOSFET

module (Wolfspeed
XHV-9)

16 kV dc bus motherboard

[ €
) ' .
-

m 16kV PCB DC-Bus Motherboard w/ E-Field Shaping Layers
m Passive dv/dt Symmetrization & Active GD Delay Voltage Balancing

m PCB Rogowski Coil Sw. Current Sensor / Protection (500ns Response) | Inverter Operation @ 16kV / 200kVA

mn il
I

2 [Burgos2020, Dong2020, Mocevic2021, Mocevic2021a, Xu2022, Stewart2022, Lin2022, Fan2022]
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Medium-Frequency AC-Bus Multi-Port SST (1)

m Highly Modular / Scalable Modular Multi-Active Bridge (MMAB) Topology as Core Element
m MF Isolation / Synchronism of all Ports — Analogy to the 50/60Hz Grid

/ Power cells in ISOP manner \

/" Power cells in ISOP manner

DC-bus
—eo
MVAC /4
0 a 3E | 13E|] MVDC
PR —
—eo
° &C/DC Isolated DC/DC Isolated DC/DC /
Lvac / Power cells in IPOP manner \
o
U 1 ©
o
— |7 [ BE[ 2] e
o0 -
(o}
Inverter Isolated DC/DC /

LVAC (R=4)

LVDC (R=3)

m MF AC-Bus Instead of DC-Bus Coupling of Converter Modules — Lower # of Converter Stages
m Direct Power Cross Coupling of all DC-Ports due to Missing Intermediate Energy Buffer Caps (!)
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Medium-Frequency AC-Bus Multi-Port SST (2)

m Individual Xfrms Instead of Single-Core Multi-Wgd Xfrm | Low Complexity Basic Converter Cells
m Large Number of Functional Combinations — ISOP / IPOP etc.

A Cluster m of CHB A MMAB-m
ici_lmj i;:o_lmj ’g T HFB,, __J_ :
B 1 \Jj G L, HFB,, o i % H| 3t HFB,» L H T
. ] r_lmy m R S e __ ........ U
g Cell 1 Cell 1 8
® Unfim| S e [ S — S
4 int_1ny i | | 36 3| |H |
%ﬂ_f —\H_f HFB,, © A R e S L S °
S Cell N, ,,, Cell N, 5,, )
. : T e T U D S +
Lei Rmj lco Rmj [ Y YN - 0
7 Co_nrmj —le H }{ H #
LYY Y\ |
Lr_ij HFBm 1 2 ------------------ rreeeeeeeaeed | 8
| 3 Gl TR -
®  Unf Rm L~ I —
o T
- ‘ lhf_ij # H 3{ T
,‘ ,‘ HFB o — N —— T
e S 2 - Cell N, . "MMAB Hebridge  Cell N,

m 4-Port 1-O MVAC / MVDC / 1-® LVAC / LVDC SST Example
m Rectangular MF Voltages | DAB-Type Phase-Shift-Based Power Flow Control | Cross-Coupling Challenge (!)
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10kV

I= Power Electronic Systems
Laboratory

Medium-Frequency AC-Bus Multi-Port SST (3)

m 2MVA 4-Port 3-® MVAC / MVDC / 3-® LVAC / LVDC Industrial Prototype
m 3 MMAB Units Corresponding to Phases of the 3-® AC-Ports / 2 MF AC-Buses per MMAB

10kV MVAC-Port
10kV MVDC-Port
750V LVDC-Port
380V LVAC-Port

Control unit

LVDC-port

phase C phase B phase A

MVDC-port MVAC-port

ETH:zurich

Startup unit

MCB: Main circuit breaker —] mMvDpC RBC
RBC: Resistor-bypass contactor =1 _
AL MCB
RBC — ML RBC
D —| LVDC
=1 =1 -
MCB AN\ = il MCB
_ LVAC
MVAC RBC
. 4 _——F90
e MCB
HFB-PET

Four IGBTSs in

parallelled connection  Fan

LC filter

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

Cell controller (on the side)

m 1200V/120A SiC MOSFETs | f,,= 20kHz | 1:1 Xfrms / Ferrite UF130 | 850V Cell DC-Link / Output Voltage

o) ='
ichigan,USA &ct.9-13
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Medium-Frequency AC-Bus Multi-Port SST (4)

m 2MVA 4-Port 3-® MVAC / MVDC / 3-® LVAC / LVDC Industrial Prototype
m Hierarchical — Cell/Port/System — Control Framework with Global Synchronous Clock

HFB
MVAC | MVDC | LVDC LVAC |
a o) e a
o] (@] @]
£ é 2 Eo 8| & 2 o s g A 2l 8
g2 = Cigc 2|l = 5 g Zl = ge =l =
g H |— g H & T H o r:—oi H *
E ... = = b
CHB p——e S~
J + -l + - + -
b bd ood & 5 5 > Inverter
uo VOwo n
i L nr g {1 iSync-clock
MVAC-Port MVDC-Port LVDC-Port LVAC-Port Sync
Controller Controller Controller Controller Generator
4 A A A A
k Communication between port controllers ¢ N ——
E v Fiber-optic
Control . ‘ e
- |
system LAN Switch d Ethernet cable

m Power Cross Coupling Suppression of MMAB Ports by Feedforward Control
m Power Decoupling Control of MVAC CHB Converter Enables Unbalanced Grid Operation
m Cell-Power Balance Control of the MVDC CHB Cells Ensures Equal DC-Link Voltages

" —
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5 o R =P Al

|

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, #ichigan,USA &ct.9-13

[Wen2021] 189



Power Electronic Systems

FEE Laboratory E'HZUFICh
Medium-Frequency AC-Bus Multi-Port SST (5)

m Experimental Analysis of 10kV / 2MVA 4-Port MVAC / MVDC / LVAC / LVDC Industrial Prototype
m Power Circulation Back-to-Back Connection of the Converter Modules

” 96.3% 96.0%
96 -
'Msab ’usbc zsca L)
ov OO0 O O OO O oGO OnOOeOC OO OO0 20k vV =
— f A A 94
LU ;1‘\'1'11 [H?iu )’l(l_f_l!J 'xn'm‘lulrnf 'Ulin!u fllllll\J'I %
,xb_z T3t
\ (Y ».ﬁiﬂlt’\,lritrtli 1kV o
I'll,H\llUl!,hl,l UCOODCOCOGL .;:_’92 P P
+
600\/ l OOV ; n= 2out 4out x100%
T Uiy Ay, =20V i ! §on P, + P,
e ,-;v 1500A g
OA s . Y @ 90
OA < 1 =40ms Iy 1 204
LT 10 e X P e R ffffrr-r g
0 A {(v \&-f (VAN N ﬂ‘.t \.t W ‘w \.*» v« VAl \ WA i NN “v: \. N n‘.' \i 1KA
iuﬂ ) l’ 71.“” | i » ) i ) 50m 88
AC 10kV 10kV/380V SNy - ‘ ‘
200 400 600 800 1000 1200
Total input active power (kW)
Case 1: Py =0. Case 2: Pyoy¢is about 90~100 kKW.

Case 3: Pjoycand Pyoy increase from ~100kW to ~600kW in steps of 100kW.

m Series-to-Parallel Rearrangement of MVDC-Port Cells & Parallel Connection to LVDC-Port
m Dynamic Behavior for Load Step of DC-Loop Power Circulation | Power Conversion Efficiency

[k K Py [Wen2021] 190
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DC/DC SST for Future MVDC Railway Electrification (1)

m Increase in Regional & Freight Traffic Results in Higher Traction Power Demands
m Extension of Current 1.5kV | 3kV SNCF DC System (1000mm?2) with Parallel 9kV DC-Bus

Transformer

Diode rectifier

DC

Feed-wire

(1.5kV

Overhead lines

Tracks

m DC/DC SSTs Instead of New AC/DC Substations — Lower Realization Effort | Higher Eff.
m Potential 9kV DC-Interface to Renewable Energy / Energy Storage / HVDC Lines etc.

mﬁ !“‘
I
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Laboratory

DC/DC SST for Future MVDC Railway Electrification (2)

m Increase in Regional & Freight Traffic Results in Higher Traction Power Demands
m Extension of Current 1.5kV | 3kV SNCF DC System (1000mm?2) with Parallel 9kV DC-Bus

Feed-wire 9 kVpc

DC :I;:r:d Overhead lines 9 kVpc (MVDC)
DC v Overhead lines L. DC
3 o AT

A
Tracks 0000 00 00

D’ 9 kVpc (MVDC)
Isolated DC-DC Isolated DC-DC
9 kVpc converter Pantograph converter
Feed-wire o—"—""—g = Ay —
N J— | N ]

p—

Vin MVDC|

Lﬁ -
Viamvoc/ NT _ﬁmead lines Vinmvoc/ NT — : 1.5 kVpc
v T T |9
° Vinmvnc

Submodule 1 Submodule 1

— —

1 '
r Submodule —— r Submodule ——!

04 N - N -
Tracks L iati
Modular ISOP association Modular ISOP association
Tracks

m Future Elimination of 1.5kV Overhead Lines — Onboard 9kV/1.5kV DC/DC Conversion

Three-phase VSC

[Fabre2019, Fabre2021, Fortes2021, Stackler2021] 193
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DC/DC SST for Future MVDC Railway Electrification (3)

m CHB Arrangement vs. MMLC — Lower Stored Energy / Lower Losses / Lower Control Complexity
m Required 20kV Isolation Level can be Accommodated in Rel. Low Volume CHB Xfrms

T { - _JE - Elementary cell { B _JE - 1
] 1 ] ]
Nr{ Nr{ g{’ sz{ Nz*{
) 1 5 1 — Isolated DC-DC
J__ — J__ SR ° J__ - J__ - . ionverter
T i i i 1T = -

Lo,
N _
LS—E =
Vinmvoce (ﬁ) V() ut =
. . Viamvoc/ NT==

]
o]
o]

L, Lp_g MFT L_; L =1 T I
Vl)u
N 1] 1] L Viamvpe - [T 0. Elementary isolated DC-DC converter
N :I au :I i :I n :| 1 | Converter
3 — e 1'1)
T =t T o s
T - T | 27T - 27T - | I !,
i i i i ' <
| | i i Vin/ N |Cig "
{ _JE { _JE r Converter _I—l'
o & - 1 1 ° o I N
Modular ISOP association ~ = — _ o—

m Series Res. Soft-Switching DCX-type CHB Conv. Stages | Lower React. Power Compared to DAB Operation

[Fabre2019, Fabre2021, Fortes2021, Stackler2021] 194
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DC/DC SST for Future MVDC Railway Electrification (4)

m Demonstrator System — 300kW | f,,= 15kHz | 1.5kV/1.5kV DC/DC Conversion
m 3.3kV / 750A SiC MOSFETs | 400kVA 1:1 Water-Cooled Nanocryst. Core Oil-Tank MFT

Iin
—2 p—rren l I — | I — ] < ]
L, | | N L N
i Bz MFT 1 LI !
\Vs T, i Iai) s | il v
DC + C 1t o o C
- S . in| L =0 out
[0-3.5] kv 7Za Vin| Cik viT C: ] Ls %l? Tv. out
20 kW-5.7 A
Th, Th, | Th; |
.- o
T
T 1 ' - f
A - = A—
= Tin iny Toutiny )"é AV Tin e
P
Qiny : N |+ 1 Qrec Iout_)
T
Legend for the cooling circuit: Cin = Cou =060 uF 1 Lio : .
Water Qil Li,=1mH I i Equivalent
' T Lio =230 uH [ — . current source
inouts —© Temperature measurement © —N
Lo % ISR SSSTSSSES
Flow measurement opp [0-80]1 V ot (A) SN YSNSSNS
a2 [l
|Th Thermocouple temperature measurement 10IW40 5 —4— electrical method - Si-Diodes rectifier
i1 (positioned in a groove under the baseplate of the —=— electrical method - SIC-Diodes rectifier
module at its center) === electrical method - SiC synchronous rectifier

m Direct Connection of Converter Input and Output / Load Power Circulation
m Load Dependence of DCX V, , for Synchr. Rect. / SiC Diodes (750A) / Si Diodes (500A) — Paras. Cap. V,, Increase

g
B e

i f
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DC/DC SST for Future MVDC Railway Electrification (5)

m Demonstrator System — 300kW | f,,= 15kHz | 1.5kV/1.5kV DC/DC Conversion
m 3.3kV / 750A SiC MOSFETs | 400kVA 1:1 Water-Cooled Nanocryst. Core Oil-Tank MFT

Vds (V)

2000

1800 18X

1600
1400
1200

800
600
400

200 -

-200 -

-400
-600

1000 -

SiC
rectifier

Vds (V) - SiC

Time (ps)

Id (A) - SiC

° 8 S

Vgs (V) *10 - SiC

Q
N

V, = 1800V
I, =150 A

out
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J
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m Characteristic Waveforms for SiC Rect. Diodes
m Load Dependency of Converter Efficiency

Efficiency - 1 (%)

trans former
current limit

“7‘

rectifier
thermal limit

'\/'\/"?V")(o’\oo%,s,;\/,;\/,:’)
lout (A)
et Si-rectifier - Calorimetric Method
e==B=== Sj-rectifier - Electrical Method
e SiC-rectifier - Calorimetric Method
i SiC-rectifier - Electrical Method
= =x= == SiC synchronous rectifier - Electrical Method

[Fabre2019, Fabre2021, Fortes2021, Stackler2021]
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3ph

3ph

DC/DC SST for Future MVDC Railway Electrification (6)

m 2-Stage ISOP Demonstrator System — 600kW | 3.6kV/1.8kV DC/DC Conversion | p = 0.6 kW/dm3

Lreet Rpretoad I L, .
35 mH IOO O I i =7~ 1 s e D ut
L 35mH g
| load
( l\I areload |
|
! Inverter part Transformer (thermally insulated Rectifier part
Vieatt __Coutl: nverter par ransformer (thermally insulated) ectifier par
[1350 to - : Vout
18001 V :
1
1
1
|
V‘m le__ -Lr
240 pH[ ——d Rioad-min /HZRMJ
N g 2 i 1100 Q 2310710
i lk A i [23 o 712, coolmg
! [ step 1 Q svstem
1 | )
N 1 | Loy =230 A Reson'mce
%& [lé;;t(z) to Vi EC"% q L CoulZ: capacitor C; !
2 1
1800] V . :
1 1
i iy s i
1 1
1 1
® o
- &

m Natural Voltage and Current Sharing Exp. Confirmed
m Interleaving of 2 Converter Stages Results in 4x 15kHz = 60kHz Output Voltage Ripple

[Fabre2019, Fabre2021, Fortes2021, Stackler2021] 197
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3-® MMC-Based AC/DC SST (1)

m MV-Connected Compact High Power / Ultra-Fast EV Charging Systems

m 3-@ LFT Replaced by Matrix-Type 3-® 50Hz /1-® MF AC/AC Conversion & 1-® MFT

— LVDC
/ EV
= battery

AC / DC DC / DC
converter converter

A — —
Grid :F E@OE | /:
r LF !
' Transf.
MMC . _____
1\4\/ MVAC ~ | :
yy == 0o
AC/AC 1+ MF :
converter ! Transf.

(7 i
LA
I

IEEE ENERGY CONVERSION CONGRESS & EXPQ Betroit, fdic higa

AC/DC DC/DC

converte: converter

ETH:zurich

/

; B3y
' i1 Ly . i2
>LArm Lom

MFT

v i) = a
—
MMC

m Advantage of Single MFT Compared to CHB Arrangements
m Scalability | Redundancy Advantageously Limited to Power Semiconductors

yicC
+ C(out )
= VDc
*

LVC

1MW

25kV, e to-iine MVAC-Grid
800V DC Output

1kHz Sw. Frequency
10:1 MFT

[Marca2021, Pouresmaeil2022]
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3-® MMC-Based AC/DC SST (2)

m Rectangular MF Voltage for Minimizing 2x f,,, Power Pulsation
m Phase Shift Control (PSC) or Pulse Amplltude Control (PAC) / Amplitude-Modulated MMC Output Voltage

L
_’_—’/\ e . . _ .,
i Lavrm Lo Minimum numbe‘ll of sub-modules
v nuv
! 2 v, + AP PAC
< T o
d id | Inductor
- T ; ;I‘fvd \| RMS current _Va T
Iilv i1 n‘q‘)?: r T | Y ) CapacitormRiIS
n ; I . ‘ Voy current
/ %]1 \ q; iq i q N \
“Reactive power ; — PSC
vp(nv2)
=5 ic n VDC* im
\ ia h \ _t, ——1 ‘ v
_| 1 Switching losses of LVC
1| Z]:.
/ 5qu A
: ] '

m PAC — v, (n/2-Shifted) & v, (n -Shifted) for Decoupled Active & Reactive Power Control
m PAC Reduces Reactive Power & Sw. Losses of the LV Converter (LVC) / Higher # of Modules Comp. to PSC

[Marca2021, Pouresmaeil2022] 200
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S4T — Soft-Switching Multi-Port SST (1)

m Modular Single-Stage Isol. Current Source Topology — M-S4T
m Cycle-by-Cycle Flyback-Type Power Transfer
m Full-Range ZVS Aux. Commutation Circuit

SiC Diode
H'— =4 SiIGBT/ SiC MOSFET

| Bl 4
1Lvi
RV NS
! *i/'I,VI
b [ B
LVDC2/
b h 4; Buffer

State 1: LVDCI energizes magnetizing inductance.

d _'E LVDCI1
\+MV Va1 i)
"HEE | | { _L+an
“[Lm Rj 2

iji( J— : *H *H *H LVDCI & e
£ é 1 3 { l ‘ T ¢ State 2: Buffer energizes magnetizing inductance
|:_ -I:‘ T V; _QE LVDCI
- | H LVDC2 XMV ; s
%‘l— %IV < | "rJI "rl /Buffer =VMV iﬁ;};| |€ \j+v

VLvi State 3: Freewheeling.
VBuf

e
=5
AU

(YYYe)
L
F u

L

MVAC

VLV

=
+ +
XMV- T.‘i
=; g: il

~e
b |
AN
(YY)
L
vl

J.

ﬂ iL _7_:__35_

AL

Faavill | ¥ ¥

AL

L¥ %

L9}

w

22

LVDC2/
4; Buffer

State 4: Magnetizing inductance energizes MVAC.

|
\AANY
(Y YY)
L
S VIl
J_LJ _7_2_—3_3_
1
Eaavill ¥ %
1
Eaavill
-
=<
I}
=l

y Ty

D R Im J,‘V
v LVDC2/
{Ef % % -||'JI — State 50 1 02030 4 0 4 *Q Buts

Tsw State 5: Resonance.

m DC/1-® AC System/Integr. Power Pulsation Buffer 3-Port System
m Sw. Cycle Waveforms & Operating States for LV/MV Power Transfer

State 0: ZVS transition
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SAT - Soft-Switching Multi-Port SST (2)

m Modular Single-Stage Isol. Current Source Topology — M-S4T
m Cycle-by-Cycle Flyback-Type Power Transfer
m Full-Range ZVS Aux. Commutation Circuit

SiC Diode
H'— =4 SiIGBT/ SiC MOSFET

éI_ [‘f[ - ] —GH‘ -|rJ -||’J LV]EC | Tr:ansformer
Y B (e

Limy

MV Module

MVAC Gate Drivers

I

m 1-O® 7.2kV 50 kVA 5-Module ISOP Demonstrator | 90kV BIL | DC/AC Operation | U,,= 350V
m 3.3kV SiC MOSFET Module & Series SiC Diode | 650V Si IGBT & Series SiC Diode | f,,= 16kHz
m Low Leakage Inductance 6:1 Xfrm Tested to 55kV Basic Insul. Level (BIL) | Nanocryst. Core w/ Airgap

[Chen2018, Mauger2020ff., Zhen2020ff.] 203
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SAT - Soft-Switching Multi-Port SST (3)

m Modular Single-Stage Isol. Current Source Topology — M-S4T
m Cycle-by-Cycle Flyback-Type Power Transfer
m Full-Range ZVS Aux. Commutation Circuit

A single module

Rectifier

{Ef [ Dmv DLv _.|’J _,|'J _||'J Source
f " VLV

] g ol —
VMV:lT“ - § E = 1= |
H N TF
- [ = +: CBut
m [ ; |,J VBuf
{1-4 L ¢ ; Uayr 2 KV/iv Dy 2 KVIAIV vpys 2 KV/div
___________________________________________________________ !“"""HI'"".“"I"""’,: VxLv2 500 V/div
Ame = " LR Wi
VMmvatl {E[ 3 3 E. -||’J 5 ms/div
- 1
Load % ; _ " (b)
Bank  Er— — T
+J_ < D ] p—
Vmv3?! 3 - "
: : - N N o
— ixLv2 50 A/div
T PP g i { [ - : 2 4 T .
YVMV4 _+ I_ 3 3 E -||)J il coses0 | vy 2 kV/div vyy, 2 kV/div vyys 2 kV/div
)
VUyLvz 500 V/div !
_+J_ :.g g |,J — ) / \ i - / !
_| | —— / / /
VMVs _F {E[ 3 , = o » N 20 {is/div
" J

m Exp. Waveforms for 5-Module System | 20kVA @ 7.5kV,, | Line Cycle & Sw. Cycles | Low dv/dt of v,,,

- .
8l np ) !
W & i, y
1550 v
|
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SAT - Soft-Switching Multi-Port SST (4)

m Modular Single-Stage Isol. Current Source Topology — M-S4T
m Cycle-by-Cycle Flyback-Type Power Transfer
m Full-Range ZVS Aux. Commutation Circuit

Others

A single module

Rectifier Transformer,

‘ 18.10%
{Ef [ Dmv DLv _.|’J _,|'J _||'J 5 Source
f " VLV

va;l-iE: T % { ;;_1_; = I
! 1, [ -I:‘ | |/J VBUI‘; Chut MV Device
' H Conduction,
{f"— [ . | -‘rl -'rl 10.15%
D J —_—
VMmvatl {?f 3 % E -||’J 98
Load % ; - : o7 -
Bank S
ES— 2 -
: B ;
VMV3 - |— 3 - ' X 95 4
— >
2 o4
)
L :'3 ;’ _,r‘ ' £ 03
VMv4 T {E[ 3 ) w Est LV SiC MOS
- 92 _ =
Sl
JEE— 91 4
L 23 ;’ _,lrJ — = Exp
Vmvs -T {E[ ! i 82/38 MV Litz wire - : p - d y
— vy Comiteales @[ T 0 2 4 6 8 10 12
Power (kW)

m Efficiency of a 10kVA 1.4kV/350V SST Module | Estimated Loss Breakdown

- .
Al g

W e K g

I ™ e d 7y

|
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3-®O Phase-Modular IFE-Type ISOP SST Topology (1)

m Cascaded Single-Stage Dual-Active-Bridge-(DAB)-Based AC/DC Converter Sub-Modules
m Half-Bridge Primary Minimizes Number of MV-Side Power Semiconductors
m Application as Bidirectional 3-® Mains Interface of LV DC Nanogrids

2 i
IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, #ichigan,USA &ct.9-13

Lf Phase ¢ |
£ S Phase b ]
Phase a
P Y Half Bridge MC / H-Bridge iac @'ﬁ @
v. \vi 7. e Ses Scs & LVAC bus
i L Eo—
Lo le Ca T —
Scy Scs Sce c 4
G o
bL - ?
ol = Tie Converter - L 1 1
4']- &5 S, &) nz
I E Converters to interface DES and DER
L S : | Half Bridge MC = = -
E i — w2
] 2 s, i // i
[ - : . T DES Interf: =
\BPyl Half Bridge MC H-Bridge s
. . : m
BP,H: Half Bridge MC H-Bridge T - =2
T =0 Redun nodule DER Interface =

m DAB AC/DC Operation = Single-Stage Power Conversion / High Component Current Stresses

[Saha2018ff.]
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3-®O Phase-Modular IFE-Type ISOP SST Topology (2)

m Comparison of Two-Stage — Swiss SST — and Single-Stage DAB-Based AC/DC Power Conversion
m Funct. Separation OR Integration of MF AC Generation | Volt. Scaling | Rectification | Sin. Current Shaping

AC-|AC| autonomous Isolated Front End

1z
@%Ss Q@s&-
L3 nle + S+
' Vs CrV |R WL
H ¥ ls
Q;F}&, S,
MFAC , L a4
DC

m Swiss SST Input Stage — Autonomous DCX-Type |AC| Voltage / Current Conversion @ Const. Duty Cycle
m Trade-Off Concerning Power Circuit & Control Complexity | Component Stresses

BECCE: 2020, [Saha2018ff.] 208
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3-®O Phase-Modular IFE-Type ISOP SST Topology (3)

m Simulation of Sub-Module Operation — V, =545V, ., V=800V, P=17.6kW, f,, = 20kHz
m Modulation Ensuring Unity Power Factor Operation & ZCS

Grid-side Voltage and Current
1000 T T T T T

80 Primary and Secondary Voltages across MFT
. {60 ~ 1000 F T T T T T T T J1000 S
= = =
% 500 | 40 :,j, 500 |- 50 &
= < = o
§ 20 § S 0 >
o & > 3
i 0 0 é é‘ Secondary side switches mounted on heat sink E -500 00 g
§ 208 § * oo b . . . . . . . 41000 3
£ 500 -40 = °© Matrix Switches 0.1448  0.14485  0.1449  0.14495 _ 0.145 0.14505  0.1451  0.14515  0.1452
5 mounted on heat sink Time (sec)
7] -60 Leakage 's Voltage and Current
T T : T T
s I | | | | | | | | 5 S 500 N N ~ N N T o B
0. 011 012 013 014 015 016 017 018 019 02 . i oy M i ] i F 1 M M 200 =
oy b 8 [
Time (sec) i — R E?Saiﬁmﬁc,.'%ﬁe § ok 0 S
S S
b B
2 = = (- J o - - — 200 3
£ o0 4 U B U U . U U £
. | . | . |
[ 01448 014485 01449 014495 _ 0145 014505 01451 014515 01452
Time (sec)
Current through Matrix Switch
s —1 — — — —1 1
Gate-driver board for < 200 i
Yo Vc I R <*> ]7 one Matrix Switch % g
- y 5 100 105 @
Voll:tr\;g[amdcﬁlfrenl § E’
ensors 8 ®
3 0fp— — — — — 0 ©
o
l . L | . . L L
DC 01448 014485 01449 014495 0145 014505 01451 014515 01452
Time (sec)
o .
m Mains Frequency Envelope of Square Wave Transformer Primary Voltage
% kw/d
m 3-cell 15kVA 1.5kV, ./ 450V,. Hardware Demonstrator | n=96% | p = 3kW/dm3
BCCE 4
! 4 [Saha2018ff.] 209
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5kV DC/DC Dual-Active-Bridge-Based SST (1)

m 3x 1-® MFT-Based & 3-® MFT-Based Realization
m Series Connection of 2x 4.5kV IGCTs / Switch | ZVS Snubber Capacitors
m P=7MW @ f,,,= 1kHz

. Upper snubber capacitors ~ Lower diodes conduct current,
WAFVARAF N T+ N+ VAT A =F Upper switches charge, lower snubber Lower switches turn-on at
WYAE+ENAF = K=+ A+ A+ conduct current capacitors discharge zero voltage
Upci T 4/88/7 T Ubcz ’ ”Sﬂv, s LA s LA+
) op
Ry ey ey < LET AT LAF LR D LR
IR+ TR+ TE+ N+ YA+ A+ s R | s 4 || s
s AT AL Voot 577 s L
AL AT | ] I E_T
| |
A g, I |
i I
3000 3000 V, » L-/I
< A | |
2 2000 2000 Voot I I
>' lb t |
£ 1000 1000 |
® |

Snubl;ered
turn-off
upper switches

Lower capacitor
voltage reaches
zero

m C-Snubber — Significant Reduction of Sw. Losses | Lower dv/dt Insul. Stress | Voltage Balancing

m Evaluation of Fast-Sw. IGCTs vs. Low Saturation — Up to 80% Red. Sw. Losses @ 1kHz / Highest Overall Eff.

- .
Al !
W A " 1
B e
|
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5kV DC/DC Dual-Active-Bridge-Based SST (2)

m 3x 1-® MFT-Based & 3-® MFT-Based Realization
m Series Connection of 2x 4.5kV IGCTs / Switch | ZVS Snubber Capacitors
m P=7MW @ f,, = 1kHz

VAT AT TF N N R N
N+ AT+ AT VAT YR+ YA~
Upct T —/38/7 T Uncz
N+ VATV ATF AATAAT+YAT
NV AT+ YA+ N A NE R N
10 ;
BT b T e P R 3.6 kW/kg, 10 kKW/dm? 2m
S tHE it
98 <
E= ol
& 97 * | [54500V/4500V
€5 " | +4500V/5500V
96 o . |©5000V/5000V
i JIEISISN O x 5500 V /4500 V|
- [ HIVA [Z3 A 5500 V /5500 V,
BT 01T 23 4567 809
P, in MW
m 1-® 2.2MVA / 1kHz Xfrm | Silicon Steel Magnetic Core
m Efficiency up t0 99.2% — Calcul. Based on Measured Semicond. Losses & Xfrm. Losses
m.i ] “ [DeDoncker2012ff., Soltau2014f.] 212
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5kV DC/DC Dual-Active-Bridge-Based SST (3)

m 3x 1-® MFT-Based & 3-® MFT-Based Realization
m Series Connection of 2x 4.5kV IGCTs / Switch | ZVS Snubber Capacitors

Upc1?

P=7MW @ f,, = 1kHz
5 MVA, 7.4 kWikg
VATAVAFNAF NE R NE RN
WATAAF T NE oA NE SR N
i 7 L
i 488/7 Upcs
VATV AF+YAT VAT AATFNYATF
VATV AFN AT ATV ATV AT

pfta !
P
o~ o —o —

&

Switching sequence for primary bridge
© 0 9 O—@—0O
H i3 H 1

$1

Winding current trajectory  Magnetizing flux-linkage trajectory

=

ipt3  Af
= ip,s(soz) .

zp t2

PP

PP 1 P2, pyd

| Pos

T bl

\f}ptl
nEn

A

....,="\I/M,3(‘p2)

B Wit 3

«

T 27 4m 57
0 3 3 3 2m

IFCC for SPS modulation

™

e J\"’/‘\
Lipe(e1)

ov

7 Unee

Wt

m 3-® 5.0 MVA / 1kHz Xfrm — 675kg (0.14kg/kVA) | 3-® 4.6 MVA / 50Hz Xfrm — 11.500kg (2.5kg/kVA)
m Low Hyst. Loss High $ Amorphous Iron vs. 0.18mm High Sat. Flux Si Steel — Similar Rated Load Efficiencies
m Instantaneous Flux and Current Control (IFCC) During Transients — Fast Dynamics / No Overshoot

" -
A b ) i
» & . by
8% e
J
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SST Xfrm Cost-Optimal Design

m Xfrm Design Algorithm for Minimum TOC (Total Owing Cost = Initial Costs & No-Load & Load Losses)
m Comprehensive Consideration of Design Parameters — Operating Frequ., Flux Density, Core Mat., etc.

Total Owning Cost & Capital Cost

, ‘ Design Results 25000 —@—Total Owing Cost —@— Capital cost
— ack kVA Rating of Transformer 1000 kKVA
HV 11000 V
1 Voltage at No Load v 5V 20000
Heignt Vector Group Dynll 4
Core Material Amorphous (2605SA1) .=15000
Flux Density 019 T e
2 0.07S/kWh
AMPERES Hy 54.99 A £10000 52/5 h
LV 1327.97 A <
HVDC-Link LVDC-Link
o el DAB_ V pmmmm—m Number of Turns il\\// 128 5000
| | |
— o P I v 1175 (mm) - 5
! DC |i AC ( DC (! ! I : . Rectangular Type
! | e o ! Conductor Dimensions " 08 x 450 (mm) - 0 2000 4000 6000 8000
: > I':_ : | Foil Type Frequency in Hz
[N B | ]
I Ac 1| DC ~ AC : ! I Cor§ Width - 213 mm Load Loss & No load Loss
1 [N . N : Optimum Frequency of Operation 2200 Hz 8000
——t % Z 4.28 %
I . I ' ——Ldlos —@—No Lod
———————— b HFMF | m———— No Load Loss 1125 W
Rectifier | Transformer | Inverter Load Loss 3516W 6000
Insulation Class F s
HV AC HV DC HV HE AC HEAC LV DC Maximum Winding Temperature rise 100 °C =
Type of Cooling AN-AF £4000
11kV 14.5kv 10.5kV 436.6V 586.9V - 8
S Number of Fans 2 o
» .0 J%(“ 0 0 Faullt Current Temp rise 262 °C 2000
INDe ‘Weight of Transformer 930 Kg
HEac LV HF AC L LYAG Total Capital Cost in USD 4100
14.5kv 10.5kV 436.6V 586.9V 415V Total Owning Cost in USD 13900 0
0 2000 4000 6000 8000

Frequency (Hz)

m Results of 1IMVA | 11kV/415V 3-® Wound Core Dry-Type Xrfm
m Comparison to LFT — 52% Saving in TOC | 67% in Manufact. Costs | 71% in Weight (Excl. Power Electronics)

|
¥ 4 A" 4

J
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SST Xfrm Cost-Optimal Design

m Xfrm Design Algorithm for Minimum TOC (Total Owing Cost = Initial Costs & No-Load & Load Losses)
m Comprehensive Consideration of Design Parameters — Operating Frequ., Flux Density, Core Mat., etc.

i i Design Results Comparison Charts of 1000kKVA, 11000/415V, dry type
[ [ fcomntins] - - transformer.
kVA Rating of Transformer 1000 kKVA o
Build Stack High frequency
== Voltage at No Load HV 11000 V ) Transformer Power
wibsow i LV 415V Parameters Considered (Amorphous frequency
Height n Vector Group Dynll Core material Transformer
== Core Material Amorphous (2605SA1) considered)
Flux Density 019 T Core weight (kg) 725 2024
g HV 5499 A
AMPERES LV 1327.97 A Conductor weight (kg) 68 423
HVDC-Link DAB LVDC-Link Number of Turns HV 168 Insulating material weight (kg) 61 561
\_—_--—----- - —_ - - - - - - - - —-———-——"- 1 ———————- LV 4 .
| bl : : | v T1x7.5 (om) - Clamp weight(kg) 73 297
| L
: DC | : AC ( DC : : AC |1 Conductor Dimensions Rectangular Type Total weight (excluding Tank) 930 3305
| i e o ! v 0.8 x 450 (mm) - ‘ 2654 1250
I > ||:_ I [ Foil Type Cost of core assembly ($)
: AC : : DC > : : I Core Width 213 mm Cost of windings ($) 515 3189
1 [ - AC 1| f BE ! Optimum Frequency of Operation 2200 Hz . . 478 4391
— — ; ; :_ % 7 408 % 905{ 01‘ insulation system ($) -
[ ——- \ : HFMF : [ —— | No Load Loss 125 W ((g;st of accessory arrangements 364 775
Rectifier | Transformer ! Inverter Load Loss 3516W 1125 1550
______________________ Insulation Class F No load losses (W)
HV AC HV DC HV HF AC HEAC LV DC Maximum Winding Temperature rise 100 °C Load losses (W) 3516 9000
Type of Coolin AN-AF
11kV 14.5kV 10.5ky 436.6V 586.9V N}lllpmber of Fanf 3 No load Capitalization ($/W) 4.809 4.809
’0 '0 '//‘/ 0 0 Fault Current Temp rise 262 °C Load Capitalization ($/W) L11 L1l
N ‘Weight of Transformer 930 Kg . 4100 12650
HV DC e 5
HEEC LV HF AC voc IB2E Total Capital Cost in USD 4100 Capital Cost ($)
14.5kv 105k 4366V 586.9V 415v Total Owning Cost in USD 13900 TOC ($) B0 22000

m Results of 1IMVA | 11kV/415V 3-® Wound Core Dry-Type Xrfm
m Comparison to LFT — 52% Saving in TOC | 67% in Manufact. Costs | 71% in Weight (Excl. Power Electronics)

[Joseph2020] 216
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== EV Charging Research Projects / =
Industry Demonstrators
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1+ MW Multi-Port Charging of Heavy-Duty EVs

m 3.75MW — 3000A @ 1250V — MW Charging System (MCS) / Charging Interface Initiative (CharIN)
m Aiming for Charging Times of 15...20min for 200...600kWh Battery Packs of Trucks

=Pl
IS IS
Left side of front- surge Suppressor Left side of . H ,\/ - « |4 ||||
end (Utility (/s T80) Pre-charge resistor front-end /\/ - /\/ —
connection) (P/N: TBD) (SST_ —
3-phase 13.2kV Utility interfacé Connection) Solid-State Transformer ocic | | charging Head
3 A-Phase Converter 950Vdc with Center-point : ~ s F—
zl I E uvst‘\Tg 11 Cascaded AC- 11 Isolated Dual-Active-Bridges 1200Vdc to Grounded H{onnnonnanfannnAmARMNANANAANAN| -
i ; DC H-Bridges 950Vdc notase Comse
| 1 r A N\ A S T T .- T
— B T Rl - — : TR
! i L Well A jrs 2 __L_._ DC Switchboard R ULUUUUBBOOUUOUICis
rw—i| BT A Ell: ~ /el T
I v [
L A ST o = ~ =T s
L] - Lo T = = |
o vH o i Ed ] 7% F5 -} -
! | Well S— - T o Z —
! | PT | : : : : “ J L~
T ] | i T ] | 1 ) | =
EPE E : \I-E\-Eﬂ :_7WV§_ o0 mnl ~Y Y : T._
I I Vac J_ dc
— | 4 Bl o E] [ % 155 1
é é _/\_/\_['ﬂ_—/ e ~ = _T_m_ | |~ Charger
[11] e | | =l = [
T 7 charéee VFI l B B-Phase Converter |_ co nnectlo |'|S
ms_i_in Controller i Load-end PTs ol m J Y
I Lt~
I . - ~ | 4x 350kW
ility Priman in oad-en S C (G ) H
létne:‘é:metae:/ C’\:;tro\llIFeIr C-Phase Converter — head-end isolated
] |
DC/DC converters

Right side of front-end (1000Vdc, Primary Meter, PTs, CTs, RFI Controller)

Utility interface box 3-® AC/DC SST | 400kW/phase DC load center

m ErR2I Multi-Partner Project “DC as a Service” (DCaaS) for High-Power EV Charging
m 13.2kVAC MV Supply | 7.6kVAC / 1.2V DC-Link / 950VDC (*+475VDC) Output | 3x 11-Cell SiC-Based SST @ 10kHz
m Potential Extension to DC Microgrid | Integration of (On-Site) PV | Peak Shaving Battery Storage

[Collins2020] 218
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1+ MW Multi-Port Charging of Heavy-Duty EVs

ETHzurich

m 3.75MW — 3000A @ 1250V — MW Charging System (MCS) / Charging Interface Initiative (CharIN)

m Aiming for Charging Times of 15...20min for 200...600kWh Battery Packs of Trucks

Task 10

Distribution Feeder Model

CJE RT- Platform (Opal-RT, RTDS, etc.)

= Controller in Hardware

3-O AC/DCSST
1.2MW/phase

Cascaded AC/DC HBs

Isol. DAB DC/DC converters

400kW...1.2MW DC isol. charging ports
400kW isol. PV interface
400kW isol. battery interface

I8
| CAD Models of Hardware
® 13.2kVAC
] }4__—— Task 4
"""" i i@ PE Interface
m:  Site ifm): pETTE—— G / Task 3
Controller Controller | 1 Controller il v
o = THacibe [acioe [acioe (Switches,
EEaErTe | Input: ES e [ Passives, etc.) Energy Storage (]
Energy q-_] «  Grid Supply {<| controller E 777, -@ Model R
A © Reactive Power A
7 Injection | pv /— — -IDC/DC I'\:’Ah%tOIVOHa'ISS \ 0§
¢ Load Active i | controller i{m} odel
E / ]
Optimizatiog / *  Quantity of 1 EVSE /
PV/ES Dispatch Controller  {[m]; ’ / #\
Charging Task 4 Task 9
Dispenser @ I/ ©)
Power Control 3 kV D C
~2kV DC
/ Dispensé Dlspenser - IDispenser Task 12 / Task 8
Task 8 Task 9 Task 5 Interface | Interface | - @ \ S
: | Vehicle Battery spEe
‘ Cooling ‘ = Cooling Cooling | Management System = -H
PE: Power Electronics N D 3
EVSE: electric vehicle supply equipment H i LR
ES: energy storage
PV: photovoltaics %OAK RIDGE T INREL Argonne 6

CAD: Computer aided design

? National Laboratory

NATIONAL LABORATORY

m Multi-Partner Project on Key Components of a Multi-Port 1+ MW MV-Connected EV Charging System
m 13.2kVAC MV Supply | 7.6kVAC / 3kV DC-Link / 2kVDC Output | 3x 4-Cell SiC-Based SST @ 10kHz

r J
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| §Remark EENI/Ne SuppliedTMuIti-Port Charging Site

T=5LA

m 350kW max. per Port | 6x 350kW =2.1MW
m Local Battery Storage Coupled @ 480VAC Panel for Peak Shaving / Demand Management

Single & dual output dispensers | 480VAC/DC conv. cabinets | 480VAC switchgear & 4 battery Powerpacks

m Somedays All This will Charge 1 Truck (!) (T. Bohn, ANL)

|
28 n ) lisE S A
mn KEK o P <y Ay
i
[
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3-® 15kV / 3.2MVA SST-Based EV Charger (1)

m “Synchronous Common Coupling” of Converter Cells via MF AC-Bus

m Full Modularity / Low Converter Cell Complexity / 25% Redundancy oo , :

m High Scalability / Flexibility — AC or DC Output T e e [T T e R
m 1.5m x 1.6m x 2.4m Outer Dimensions = 0.5kW/dm?3 | a1 e
m Efficiency Not Specified il i amB
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Remark: Alternative Multi-Port Coupling Schemes

m DC-bus OR AC-bus (Magnetic/Electric) Coupling of Cascaded Cells
m Example of 3-® MF Isolated AC/AC Conversion
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— DC-Bus Coupling — Common Magn. Core AC-Coupl. — AC-Bus Coupl. of Indiv. Xfrms

m AC-Bus Coupling Adopt ,,Synchronous Common Coupling” of the 50/60Hz Grid
m Low Complexity Converter Cells | Challenge of Power Flow Control / Stability
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3-® 15kV / 3.2MVA SST-Based EV Charger (2)

m Zero Inrush Current RESILIENT
m Simple Fuse & Disconn. Switch as MV-Grid Interface 3 POWER

\ . .
m 125 kV Impulse Basic Insulation Level w/o Arresters
VOLIAGECURRENT 17'6/798 BLOCKING CONTROLLER
MONITOR > 40 s MM )
7
e 402
3 AC LA
SOURCE - i >
o G,
| : 2008 INPUT/ L1 | )
i ! ~ oza 2, w9
I BLOCKER STAGE 3 {
|
: # I pR— . o BLOCKING STRING BLOCKING STRING BLOCKING STRING
|
: | : = ZWA: / 1104 1708 110¢
| L || 7 NI N g, [ : I
! 4 r————p——=—- r————fF——- = r————f————
| HIGH SPEED ! ! DISCHARGE ! | !
I BLOCERSTAGE ! { e Lswiek_ | zm :T conTRoLER e oToR 527 : CHB STAGE ! : CHB STAGE ! : CHB STAGE !
| 128 $ FOWER — 1 4304 by 4304 J 1 4304 |
1 SUPPLY 218 . ] | [ ! 1 !
o e I | icckia e I (0 . p
| : m i : @ @ ;7 m ! I | l P [ l
i 1 | i
! | | ! Nt | N i omestae |1 if cimstce |} 1| odesmae |l
| ! i Nas! 2 | 4308 P! 4308 i | 4208 l
i BLOCKER STAGE j: i swicn ] zum i HIGH SPEED : | : 1 : |
: o (SSWITCHE) el svvncstgrggﬁowm | H : | H : | H :
! :Bl Il cHBSTAGE ;| cHBsTacE ! CHBSTAGE ||
1 1 INPUT/ 150 ! L300 ] | 4308 | | 430N |
[ mosdiosmhe s Yk } Lo Lo '
| STACK [ STACK o STACK [
| 4204 by 4208 Ly a20c I
) Sowes | e e —— -4 e ———— -4 ——————— -
INVERTER fLoad N
160 1028 /
104 POWER MODULE 470
m Insulation Type Not Specified | In Case of Oil 2 Maintenance / Pot. Environmental Issues & Fire Hazard
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Medium-Frequency AC Power Distribution

m 400 Hz / 360 ... 800Hz Aviation Systems — Low Vol. of Xfrms & Filter Circuits Comp. to 50/60Hz

m MV-AC/DC Conv. Utilizing PWM OR Multi-Pulse Line-Interphase-Xfrm-Based PFC Rectifiers
m DC/MF-AC Conv. Integrating a MV/LV MF-Xfrm

10
- o N /
AC/DC 3‘2‘

e

n

ig o DCIAC e,

)

e
e |
L.dE e
o XL

LR

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

31b

20b”"

11b”7

m LV/LV MF-Xfrms for Galv. Separation of the Charging Ports | Diode or PFC Rectifiers & Non-Isol. DC/DC Converters

[Drofenik2020a] 224
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Matrix-Type 3-® MFT-Link Multi-Port SST Topology

(7 i
S ™
I

IEEE ENERGY CONVERSION CONGRESS & EXPQ Betroit fdichigan, USA &ct.9-1

Bidirectional LF-AC/|AC|/MF-AC Grid Interfaces
Input Stage Operates as AC/|AC| Unfolder
H-Bridge Generates MF-AC Rect. Prim. Voltage
50/60Hz Mains Def. MF-AC-Voltage Envelope

Multi-Wdg Arrangement per Xfrm Leg
Common Magn. Flux Interconnects All Wdgs
Prim./Sec. Turns-Ratio Voltage Scaling

Sec.-Side 3x 1-® or 3-® Power Conversion
MF-AC Voltage Folding & LF-|AC|/DC Conv.
3-® MF-AC/DC PFC Rectifier Systems

3x 1-® (Star/Delta) MF-AC/DC/AC Conv.

Proposed as MV Interface of Future Datacenters

AC-AC Converter

Essential Loads/

3-Phase Medium

ri,ph
. Frequency Transformer

C

>

ETH:zurich

b
Boost
{ PFC Vaca

Cooling

La

ups/ I |=

1

Battery ~

J(-Boos-\t ) y ;:ntlca I;.oad/
PFC 48 Server Power
N

Boost

Inverter

(3-phase PWM

4160V/60Hz
Medium Voltage
Utility Grid

| 3-Phase Input Filter I

lin_a_fiered
Va + o Vb Vc+
N

PFC Vace

1-Phase Boost PFC

Leec
13 >

"\ AC-AC Converter

~V dc

Vprl.ph

[Hafez2014]
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Part IV
Comparative Evaluation of SSTs for
Datacenters and EV Charging
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Global Datacenter Electricity Demand

m Datacenters Consume > 200 TWh/a | About 1 % of Global Electricity Demand
m Energy Costs Dominate Overall Life-Cycle Costs

E 0 ‘¢n SDS: Sustainable 18

_§ '3 Develop. Scenario 16 Internet Traffic

'_ .

— 200 TWh/a

2 200 / 14

2 12

>

%o 150 Hyperscale g

< g 10

o >

2 oo 3 8 Datacenter

5 = Workload
" 6

o Traditional

i

S so 4 Datacenter

E 2 Energy Use

o E

o o0 l ' T 0

| | | | |
2010 2012 2014 2016 2018 2020 2022 2010 2015 2016 2017 2018 2019 2020

Source (Img., Data): https://www.iea.org/

m Decoupling of Computing Workload from Energy Use
m Efficiency Improvement on All Levels: Computing Equipment | HVAC | ... | Power Supply System!
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AC vs. DC Distribution

BCCE 26554

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13

nelp <HE CURRENT 1, O
i L Sl UL | AR

T

DIRECT CURRENT 4 : g ALTERNATING CURRENT

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

‘The flow of electricity s in one directio
The system operates at the same voltage level
throughout and is not s efficient for high-
voltage, long distance transmission "

r Alternating current runs throuigh:

Direct current runs through: 2
\ | .8 (@

Battery-Powered  Fuel and Solar Cells ~ Light Emitting Diodes Car Motors Radio Signals Appliances
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o
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AC Power Distribution

m State of the Art: 400 V AC Rack
13.2 KV MVAC
% t/x_ AC 400 VIDC 48V
I
400 V I/X— DC DC
Ner = 99.2 % ng=98.9 % Nerc = 99 %
= n = 97-1 (VO
m Increased Distribution Voltage: 690 V AC Rack
ac
13.2 kV DC AV,
3 [E=
R AC
—= @ / I/X' 600V P A8,
o0V e | /Dol
Npr = 99.2 % 1a=99.6 % 0 Hore = 99 % DC 48V
DC

nNs =97.8 %
(w. 99% 3L PFC Rec.)

e n,: Efficiency from MVAC to Input of Rack-Level 400 V / 48 V DC-DC Conversion
® 14: Distribution Efficiency for 1 MW Over 100 m with Delta EcoTech BL 2000 A Busbar
® 1, Requirement by, e.g., EU Ecodesign Directive 2009/125/EC

BCCE 26:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigs

ETH:zurich
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Distribution Losses

m 400 V AC - 690 V AC: Significant Loss Reduction or Lower Copper Usage

96 . . . — 4800
? AC I I I I ﬂ Situation: 1 MW over 100 m ‘,,—""
= abcnG P el
i 97 . _.»~" Copper Mass 43600
3 DC I_l ﬂ l_l ., Lo
5 — . T | 400 V AC
2 ! PGN N 600 V AC
SR I i i 690 v AC [| 2400
g ‘« ~o . 800 V DC
= *"‘(\L ~e*" 1/4 Copper Mass' = ~=—
2 Mr e s - Baseline”]* 77 "= 1200
= JPtae ) S~ T /4 Losses
A *400VDC —TTrmM—IT = ~aflay — - — ¢ — =T

100 1 1 1 1 1 0

600 800 1000 1250 1600 2000 2500

Distribution Busbar Current Rating (A)
(Delta EcoTech BL Busbars @ 60 °C)

m Same Busbar in AC or DC Configuration: 400 V AC - 800 V DC (+ 400 V DC)
® —75% Distribution Losses (or —=75% Copper Mass)
e DC Distribution Challenges: Protection, DC Breakers, DC PSUs, ...

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

Copper Mass (kg)

ETH:zurich
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DC Power Distribution (1) — DC Sources

m 690V AC PV Fuel Rack
Utility-Scale Cell
PV /Wind - i
via MVAC DC DC Cne
Coll. Grid =99 %
DC DC
. : _ .
Additional DC-AC DC DC 1, =99 Ym ns = 96.7 %
Conversion Stage AC 'AC ’ —1  SE A48V
' ' AC DC ’
) ’f\ \ 3 |AC iéoo\g bC_7148 V
690 v+ |/DC [ 5y
6=996%  fprc=99 % e
m +400 V DC iy eate . Rack
ia MVDC
Coll. Grid PV E}lgll
i . : ~ o
DC DC/] [DC },7199%_|—l7: 98.7 %
I\)C [\)c ?c I ' |— DC 43 v
I % X . 5 [ DC
400V H LDC .
— 0 —>
na=99.7 % be

m DC Distribution Leverages DC Output of Fuel Cells / Batteries / PV
e Note: Utility-Scale Renewable Energy System Requires Higher-Voltage DC Collector Grid

ez aNy Q 2

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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DC Power Distribution (2) — Grid Supply

m 400V AC

m 690V AC

m +400 V DC

m Simply Centralizing the PFC Rectifier Functionality = Only Minor Efficiency Gain!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

13.2 kV MVAC AC |Rack
. 400 V
? Ex_ AC DC 48V
., 400V - DC DC
ILFT — ))2/0;7 =98.9% Npre = 99 %
= f ns =971 %
13 2 kv DC 148V,
. AC (e
R - |AC
,: E 600V P A8
., 690V - DC [ ’
Mrr = ))2/0;7 =996 % =99 % DC ﬂ
/ DC

132kv e S 1P A48 v
AC vbC 2 i/x--- [ DC
— 99730, DC :|:400 VI/X- ‘ DC 48 V
M= e =99 % y=997% Zr
= n=982%
LC I—— ’7}: =97.9 OA)

e Similar n; as For
690 V AC Distr.

ETH:zurich
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Medium-Voltage AC-DC Interfaces
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MV Power Station for Photovoltaics

m State-of-the-Art 3 MIVA Turnkey Solution
m 20 ft Container: PV Inverter, LFT, MV Switchgear, etc.
m3MVA|6.1mx2.6mx24m|=0.08kW/dm3

1500 V 6.6...35 kV

MV POWER STATION 2. 6 m
LVDC 1 MVAC

SUNNY CENTRAL MEDIUMVOLTAGE ~ MEDIUM-VOLTAGE

STRING-MONITOR TRANSFORMER SWITCHGEAR

SMA
PV MODULES UTILITY GRID

1200 V Si IGBT Technology | Oil-Filled LFT

m Inverter Efficiency: 98.5 % CEC
m Transformer Efficiency: 99 % (EcoDesign, oil-filled)
m Overall Efficiency = 97.5 % = Improvements Expected for SiC and Dry-Type LFT 2 98+ %

234
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MVAC-LVDC with LFT and Central SiC PFC Rectifier

m Centralized PFC Rectifier with 1200 V SiC Technology & High-Efficiency Dry-Type/Ecodesign LFT

Example: ABB EcoDry™ High-Efficiency Transformers

MVAC-LVDC: n= 98.2 % p= 0.25 kW/dm? (ABB, 2011 — Today, 99.2% Required by, e.g., EU EcoDesign Directive)
A

1000 kVA reference  100,0%
case

[ \
99,5% —
——— EcoDryBas o — e T T e — \_
3 3 AC To EcoDryYtra 99.0% {/{—’/—f n = 99 % =
MVAC | LVDC EooDry*s 98,5% < v PrC _
pcl_1 e [l :
Nprc =99 % |

Efficiency

97,5%

0% 20%

e Full Functionality (Reactive Power, Bidir. Power Flow, ...)
® High Robustness & Low Complexity

e Scalability to Higher MVAC Levels

e Proven LV Converter Design Paradigms | Parallel-Interleaving (Modularization, Redundancy)
e Compatible with Existing MV-side Infrastructure

e No DC fault Current Limiting

ECCE 2650,

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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MVAC-LVDC Hybrid Transformers

PL,AF
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12-Pulse / Multi-Pulse Rectifiers

m No Explicit PFC Stage (!) = Passive Realization of PFC Functionality with Phase-Shifting Transformer

e High Robustness « led

e Low Complexity 1
e High Efficiency (= 0.25% Diode Losses) >
e No DC-Side Inductors Required (!) %’

® 18-Pulse or 24-Pulse for Higher Power Levels g 0
je)
G]

S 1

=z 50]
3 ? o =
&

3 N 5 o
MVAC o—/—@ || = vpe g
3 G]

> -50|
(O % | :

* O |
1.00 1.01 1.02 1.03 1.0¢

Time (s)
e Unidirectional
e No Active Output Voltage Control (Tap Changer: Wear & Tear, Limited Dynamics / Thyristors: High VAr Consumption)
e Remaining Current Distortions / Reactive Power Consumption

ECCE 265 5. 297
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Example: MW-Level Charging of Commercial Vehicles

m Future Charging Power Up to 2.5 MW / Supply from MV - LFT for Galvanic Separation
m Modular: 2.5 MW =42 x 60 kW PSU Mod. Parallel (AC-DC + DC-DC Non-lIsol.) / 97% Effi. / Liquid Cooling
m Monolithic: 2.5 MW 12-Pulse Thyristor Rectifier / 2 x 1250 kW / 99.7% Efficiency / Air Cooling

Both Options with MV/LV LFT (Not Shown)

WA Littelfuse

2x3x7=42 Units, 2 units,
60kVAeach 1250kVAeach,
W/D/H: 150/176/70cm  W/D/H 99/74/85cm
SiC-MOSFET-based, Thyristor-based,
liquid cooling forced-air cooling

WA Littelfuse . ,
Y Y

Ppe = 1.6 kW/dm3 Ppe = 4.0 kW/dm3

e Longevity of Disk-Type Thyristors / Decades in the Field = Electrolyzers w. Similar DC Volt./Cur. Control Req.

EBCCE28:0. (Schulz2022]

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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MVAC-LVDC Hybrid Transformer

m Hybridization: Partial Switch-Mode Power Processing
m Active Filter (AF) Modules with = 25 % Power Rating
- Sinusoidal Grid Currents & Reactive Power Compensation

MVAC-LVDC: n = 98.5 %, p = 0.2 kW/dm?3

(

\ 100 F 2

@& [T

(V). (A)

]
>
D>-:::ZZ'.Z'
s
0 ez
=
_< -l
o
=
O a7
=

AF -100 f
3 3 AC -|-® + T T T T T T
MVAC — LVDC ~ 1000} g
DC Bd E
< 500}
DA % "l
o ‘o) -500

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

e Remaining 12-Pulse Operation in Case of AF Failure | Central, Shared FACTs as Complement/Alternative
e Connection of AF to Output DC Bus = Reverse Power Flow Capability
e No Active Output Voltage Control (Tap Changer: Wear & Tear, Limited Dynamics / Thyristors: High VAr Consumption)

EBCCE28:5.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Example: 3 kV DC Traction Substation

m Substation 66 kV AC = 3 kV DC Traction Grid w. Diode Rect. 5+ MW

DC Traction Substation

m 1.5 MW Series-Stacked Converter Enables Supply Transformer

2.42 kV Rectier o e ot
Active Power Filtering & Regeneration Capability g AR °
66 kV 3 g > é é i js kv
W/o Act. Filt. ol | » T T T TFoe
£

Tek Run H— Trig'd

-1 -66 KV side phase B

1.5 MW /7 Stacked 3-Ph.Inv. | .+ e acContactor
5.4kVDC(7x80VDC) * ]

v i 66 kV side phase A
¥ uncompensated
M i Soft-Starter DC-Breaker
N 1
: - /T ? ? ? 'i ?

35 kHz Eff. Sw. Freq. (7 x 5 kHz)

2.00 AN M4.00ms Al Line S 1.12
Chd[2.00 A OF

 ufinoow

With Act. Filt.

¢
E
(==t
7 | Al ]
E
¢

66 kV side phase A
compensated supply

ﬁ//\\,\///\v\‘\/" current
+ 66 kV side phase B

compensated supply
current

3 3
5
Ll

Y YL
~
¢ ——
e ( Stellenbosch
M4.00ms A Lline s 1

TR 2 Injection Transformer  Filters Converter nversTy

WE0.00% | T MY unwversiTeiT

e Full-Scale Tests w. 5 MW Load (Accelerating Trains) and 1.5 MW Regeneration (Braking Trains)

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Mi
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MVAC-LVDC Solid-State Transformers

) .
Hy —+——AC Grids
° HF AC Grids (e. g., Airplanes)
&
© e
o
g MV +
8
9 SSTs Slwitch-Mode Power Supplies
, |
LV-— E [ ]
‘\Ili) ul L ||'|\||||= ' |||||||= L ..J.nuI s |||||||=
50 Hz 1 10 100 1000 kHz

Operating Frequency

241
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13.2 kV / 400 kW SST-Based EV Charger (1)

m Fully Modular Input-Series-Output-Parallel (ISOP) Topology DNPC AC/DC 1.6 kV DC link  LLC resonant DC/DC
® 3x9 =27 AC-DC/DC-DC Cells | 438 Switches 1 J J
e 15 kW per Cell | All-SiC Realization | Forced-Air Cooling =
3 o A 49
11\31 Z[?(Sfoﬁl_ Filter & Protection Vzm_rzﬂ_l
| 71 (BT 7 =  wvac B & 1k
[ y [ vy I 3
[ N [ vy I . 4 -
[ i [ vy I 1
| [ | "y | 3 Isolation case —___
I v I vy I . 100+ kHz MFT
[ N [ vy I 3 MFT: p = 8.4 kW/dm?3
[ y I vy | . (w/o 30 kV Bushing!)
AC /|DC 7t AC /|DC 11t HAC /|DC 1
/ pelApeld pelAbdeld pClLA Do Grounded housing
MV-Side [ — ] [
3-Level NPC  LV-Side ° 1 yDC A nerma
1.6 kV DC bus 2-Level | 1050V

1.2 kV SiC 1.7 kV SiC

Cell: p = 0.5 kW/dm3

ECCE 2650,

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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13.2 kV / 400 kW SST-Based EV Charger (2)

m Most Advanced Industrial MVAC-LVDC SST Prototype

® 3x9 =27 AC-DC/DC-DC Cells | 438 Switches
e 15 kW per Cell | All-SiC Realization | Forced-Air Coolin;

MVAC 3

132 kVo+ Filter & Protection

| | M ([ 1T Z 1

[ y [ 'y I

[ [y [ 'y I

[ v [ vy I

[ v [ vy I

I y I 'y I

I y I 'y I

I y I vy I

ac /Ibc At Hac /IbC At Hac /IbC

s pd /bel/bey| i/bel/beky| i/belZbe

3-Level NPC  LV-Side
1.6 kV DC bus 2-Level
1.2kV SiC 1.7kV SiC

° 1LVDC
. 1050V

e 3000 kg Weight | 3.1 m x 1.3 m x 2.1 m Outer Dimensions
e Power Density: p = 0.05 kW/dm? | 0.5 kW/dm3 (Cells) | 8.4 kW/dm?3 (MFT)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

15 kW Cell

100%
98%
96%
94%
92%
90%
88%
86%

84%

Input Phase Stacks Control

.
3
3y

I IIIIIIIIIII W
AT T M

AT T M

I

A AELTA

0% 20% 40% 60% so% 400 kW 120%
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Intuition: Modularization Penalty

m Highly (!) Simplified Consideration

® Power P Processed in Sphere with Radius R,

e Modularizing Assuming Constant Power Density P/V,,
e Const. Isolation / Overhead Distance d.,

diso diso
H —

3
4 (R
V(N) = §n<NT‘}3 + dm) ‘N

N=1 Z
Active Vol. Active Vol

(91

diso = RO diso =0.5 RO

Normalized Total Volume
(O9]

2D Visualization with d,,, = 0.2 R,

[S—

0 5 10 15 20 25 30
Number of Modules, N

m High Module Count = Massive Reduction of Overall Power Density Expected
m Additional Overhead: Input & Output Filters | Protection Equipment | Mech. Assembly | Cabinets etc.
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Laboratory

MMC-Based SST Concepts

m Limit Modularity to PE | Single MF Transformer

e Example for 13.2 kV Grid
e 22 Full-Bridge Cells per MMC Arm | 6 Arms
e 528 Switches (1200 V, MV-Side Only)

MVAC
13.2kV

22 cells/arm

3 | Filter

Prot.

22 cells/arm

m Benefits of Modularity 2 Redundancy | Availability | Economies of Scale | Transportability

BCCE 26554
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HEHE | 58
1 Lz
s s |
e Ac ST
—-— [l”lJ DC_S(Z,OV
[Glinka2005]

ETH:zurich
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Remark: Rack-Level MVAC-LVDC SSTs

m MVAC Distribution to the Rack & Small Rack-Level SSTs

m Fuji Electric, 2017 m ETH Ziirich, 2019
® 2.4kVrms (I-n) | 25 kW | 48 V DC e 3.8kV (I-n) | 25 kW | 400 V DC
e LV Si Multicell ISOP | 0.4 kW/dm? e 10 kV SiC Single Cell | 3.5 kW/dm?
100§ 100
99 PFC 99.5
o DC/DC convert il P o -
=97} converter 83 /\/ 98.1% = 0
Zo6} —o—0 N,y = 96 % Z o — Nagoy = 98.1 %
§ 95 Total efficiency 5975 Total Efficiency 1 11> St =
E: o4 b A converter cell é 971
a5} m
93 f 96.5}
92 f o6l
o1k Width 95.5¢
90 . . . . . . (510mfn ® 95 1 . 1 L
010 20 30 40 3p, 60 70 ‘ 0 s 0 La® 5w
. & S D<o (710 ) 25 kW /7 kV
[Kashihara2017] Y [Rothmund2019] PFC stage

Height (170 mm)

m Large Overhead!

e MV Protection Equipment & MV Switchgear (Disconnectors, Grounding Switches, ...)
e Central LFT Needed Unless Incoming MV Level is Distributed (Typ. >> 2.4 kV)

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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Comparative Evaluation of A
MVAC-LVDC Interfaces

247




'II:E

Power Electronic Systems
Laboratory

Efficiency

m LFT + SiC PFC: n =~ 98.2 %

ETH:zurich

® Central PFC on LV-side

Rack
PFC P a8y,
AC 2[ T/x— [ DC
DC e
Aeer = 99.2 % = . :t400 VO DC ﬂ
prc =99 % =99.7%
7n=98.2 % DC
7 =98.
] C ns=97.9 %

12 Pulse [Rect. + Act. Fllter

m Industrial SST: n = 98 %

13.2kV

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

| tection

Pro-

e No Switch-Mode PFC
e Active Filter / Partial-Power Proc.

e Central PFC on MV-side

DC 7148 v
DC
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Remark: DC Voltage Control

m Grid Voltage Varies £10% (EN 50160) | Stable 48 V DC for IT Equipment Needed

MVACO_@ 3 . |AC | |IDC A48 V£ 1%
+10% AC DC DC
I

MVAC @ AC 2 DC A48V +1%
+10% DC ! DC

(o]

o]
Lo}

DC
MVACO_@_'_ n 2 DC 148 V+ 1%
+10% T e |
DC
AF DC
DC
MVAC @ £ 2 DC 148 V+1%
£10% T Ne |
DC
— | bc
Partial Power Processing —Ibc

MVAC R 2: Ji DelC 148 V£ 1%
+10% (Q)' ZIS T | DC

DC
AF Rack

m One Converter Stage Must Provide Regulation Capability!

ECCE 265 5. 240
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 J Laboratory

Efficiency & Power Density

m Industrial MVAC-LVDC SSTs
m LFT-Based Solutions

m 12-Pulse Rectifier + Act. Filter

—1m—

400 kVA LFT
Shown for Comparison

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

98.5

ETH:zurich

- No Volume / Efficiency / Functionality Advantage Over LFT + LV SiC PFC
-> Robustness & Scalability

= Low Complexity | Reduced Functionality

3 3 °
MVAC D—y‘—@” LVDC
DC o

/

/

Efficiency 7 (%
O
0]

B Prototype \2;& 12PA4 SiC AF

O Calc./

\LFT +8iC PFC [ / 66 KV 400V
&

Prototyp (Full System) (Cells Only)

. u yStem €liS Un }LO

ETHZ

Est. LFT-basdd [Rothmund2019f]

75 kW

Ind. SST Prototype

[Zhu>010% | Yp Cells Only
40K osov LFT + Si PV Inverter

1.2 kV SiC g(l}géx 1{’\}7/ MYV Power Station

1500 V.DC /6.6..33 kVAC
Turn-key Solution incl. MV Switchgear etc.
L " 1 PR T T T T | 1 1

L PR .u.l
/ 107" 10°

IHHM Power Density p (kW/dm?)

10!

10 kV SiC
(Not Industrialized)
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13.2kV MVAC iRack
Case Study Summary R oyt L5 P, 400V AG
— { l/x—--: ~
| ﬁ NMrr = 99.2 % 2(?2\9/89 A %FC:];)C% DC nz =971 %
= : 7y =971 %
m 690 V AC Competitive with +400 V DC 132kV AC
e Add. Considerations on Integration of Renewables, I ) S o 690 V A_Co
Fuel-Cell Backup Power, Grid Services, etc. | ﬁ Nier = 99.2 % 2?2\9/9.6 % Ny =97.8 %
m LFT + LV SiC PFC 132kV e — vvvv DC7l4g v .
e Full Functionality, Scalability, High Robustness | — @AC 2 L/ - | [£RE +400 V DCOI
| ﬁ et = 99.2 % DS99(y i4g(9) ;]0/ X- DC 48V nZ =97.9 /0
PFC ~— - 0 Na=.17 "7 DC
= r C17:98.2A> |—_ e = 97.9 %
12-Pul .+ Act. Filter :
m 12-Pulse Rectifier & Act. Filter - eCtCtte
e Low Complexity, High Efficiency, Scalability 132kV 5 % e BC g v
e High Robustness, Long Lifetime, Good Recyclability | ACTL | 2 % [ +400 V DC
. . - Dt [f zoovESe | UBC Auey N5 = 98.2 %
® Reduced Functionality (Unidir.,, No Act. DC Volt. Ctrl.) 48V
DC
N Z‘S ______________ : 7= 98.2 %
NLrr Miopear = 98.5 %
m Existing SST w/o Clear Advantages B2 st . P A sy,
e High Complexity Even for MMC-Based Designs [ e L o 3 e | DC +400V DC
e Modularity / Economies of Scale / Protection / ... | il VXS ) 7 be|, fioggﬂf*" C A4y Ne=97.7T%
- Need for Future Research! ””SSIT% . DC
D 15~ 97.7 %
|!~*¥=if' Ap Further Reading: [Huber2022] 251
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Part V
Summary & Research Vectors
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””””” I e

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

1830 Faraday
Law of Induction _

Img. Src.: IEEE NY Monitor

1885 Stanley / Westinghouse
Easily Manufact. XFRM &
First AC Distr. System

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

.~ 1889 Dobrovolsky
~ Three-Phase XFRM

1900
() ([
1890 1910
,662,
Ty d —

'M'!j

i

Tz
1914 Boucherot

Electronic XFRM w.
Mech. Switches

Patentéd Nov. 28, 1916.

ETH:zurich

1968 McMurray
Electronic XFRM with
Solid-State Switches

1923 Hazeltine
Electronic XFRM for DC Traction

S0, Sk *L 303 : l
k : ‘ == 904 e 7 |
et eree it T o] R
=R = _chr;fij_ i «%—/5 el /7fil)~ R E 1
+ G @E;. NN ) | L l
Sl _

1920 1940 1960 1980 2000 2020
() ([ J ([ J () () () ([ J ([ J ([ J () ()
1930 195 1970 1990 2010

D-c transformer

*/93-5

2 SHEETS—SHEET 2.

(Fhase advaneing concensers
§ BE== b e
l // [ ] TRANS- .
P 5 MISSION ) © CIRCUIT
b praut al—“ } /- S
-t ] cllomo]

, 2 s 1944 Alexanderson

l Electronic XFRM w.
Mercury Arc Valves

1928 D. C. Prince
Electronic XFRM with
Mercury-Arc Valves
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S1C I Power Electronic Systems
I'— Laboratory

1968 McMurray
Electronic XFRM with
Solid-State Switches

1978 Mennicken / BBC

Medium-Fregq. Isol. for Traction

15,6 23z

1984 Weiss & Rentmeister

Isolated Front-End for Traction

™

1

[

|a

3~

[ g

Inventor:
Willram MecMorray:

by Bmata R

+His Attorney.

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13

1969 McMurray
Cascaded H-Bridge (CHB)

1970

o
1980

1996 Steiner & Reinold
Multi-Cell CHB SST for Traction

1990

2004 Marquardt & Glinka

2011 GE
1 MW AC-AC SST w. 10 kV SiC

o

010
([ J ()
2000
2012 ABB

2021 Delta

ETH:zurich

13.2 kV / 400 kW EV Fast Charger

2020

1.2 MW Traction SST
Field Test

Modular Multilevel Conv. (MMC)

15KV / 16¥,Hz | 25kV / 50Hz

[ |

N | AR 346

MLC V"LI I: %Hale
A KD

2030

2021 Wen et al.
2 MW HFAC-Bus SST

A Cluster m of CHB A MMAB-m
PR [ — HFB,, - I
s Cell 1 ; Celll g
= i | 1 =
T H
HDiT TiCIEd
£ ell Ny 1 Cell Ny 5, )
+ R
g I \ Ty
K cell 1 cell 1 g

Cell Ny g

GO
1N, 5, i

MMAB Hebridge  Cell N,
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2000

SST Publications Per Year o< e®*

1950 2020
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I‘| E I Power Electronic Systems

-l Laboratory ETHzurich
LV Low-Power SMPS Efficiency / Power Density 1981 — 2021

m 1981 — Large Volume Line-Frequ. Isolation/Voltage Step-Down | Diode Rectifier | Low Eff. Linear Stabilization
m 2021 — PFC Rectifier Front-End | High-Frequency Isol. DC/DC Converter

Power Density versus Efficiency 1981 - 2021

8
7
6 Power Density Mainly Determined by
% . Size of Passives and Heatsinks —p—
[ —
2 ré] GEars =100 kHz
‘h a Lm ized
g - "i]:li D%* T Tl 2021 7,4kW OBC
=) mel | T 2014 3kW 48 V 2020 5 kW 48V
S) f=50 kHz
Source: SIEMENS - 199210 kw 5V DC/DC 2020 22kW OBC 2018 3kW 48V
Recifer  FMonng  Ackuator f= 200 kl-lz 2003 18 kW 48V 2004 2,8 kW 48 V ° =
= t 2007 1,5 kW 12V
= | kA L . o
| “]m« 2004 5kW Solar
‘ 1981 0,4kW Multi 2004 1,5 kW 12 V 1992 FE1800
0 L . f=48 kHz » © Source: A AELTA
70 75 80 85 90 95 100
Peak Efficiency in % 200FCLr5ionr 12N

m Power Density AND Eff. Improvement | Line-Frequ. = High-Frequ. Conv. & Linear = Sw.-Mode Regulation
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Laboratory

ZRI0OMW . erer station

HVDC Converter Station (1)

320 kv DC cable

m 2x1GW /320 kV HVDC Transmission Link btw. France & Spain

400 kY AG
REE power grid

400 RV AC
RTE power grid

Source: SIEMENS T

+320kVDC 1 Power modules
| (IGBT)

2 Converter reactors

3 Power modules
cooling system

4 Control and protection
room

5 Auxiliary power supplies

6 Starpoint reactors and
insertion reactor

7 Power transformers

m Isolation Clearances (!) Largely Determine Space Requirement | Low LFT Volume Contribution (!)

257
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HVDC Converter Station (2)

m 2x1GW /320 kV HVDC Transmission Link btw. France & Spain

Source: SIEMENS

m Isolation Clearances (!) Largely Determine Space Requirement | Low LFT Volume Contribution (!)

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit, Michigan,USA &ct.9-13
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()2 e

Power Electronic Systems

ETH:zurich

Status Quo: Traction & Grid AC-DC SSTs

m Traction: Clear Improvements in Efficiency / Power Density > 10 Years Ago

m Grid:
Traction AC-DC SSTs

98 T T T
Q ABB (2012)
:); 9% (©] .
& Alstom (2003)
S 941 o .
L .
8 Conventional
1 92 - . -
&)
Q »

90 1 1 1

0.1 0.2 0.3 0.4 0.5

(1) Gravimetric Power Density (kW/kg)

AC-DC Efficiency (%)

Recently 1% Full Industrial Demonstrator w/o Performance Advantage

100

9 r

98

97 r

96

95

3-Phase Grid AC-DC SSTs
Delta (2021)

Est. I
Modular SST LFT + SiC N A

(Stacks Only) l ‘ u

V SMA
3 MVALFT + Si

ABB (2012)
1.2 MW Traction @

Alstom (2003)
1.5 MW Traction |

94
102

107" 10° 10’
Power Density (kW/dm3)

m Full-Scale Demonstrators Engineered to Standards Needed for Realistic Assessment!

[, )
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1" = Laboratory ETH:urich
Grid AC-DC SSTs: Challenges (1)

m Massive Reduction of Power Density from Cell to Full System - Modularity Penalty

diso
Power Density Steps
104 ¢ . ; . :
“e 550
2
Z 102
: OO
i)
C i
o
2 10°
()
2
O -, . s
o E Intuition: Spheres of Equal Power Density OO
1072 I w. Const. Overhead Layer =-~ .
Semicond. Pack. Cell Stacks System N=10

m Future High-Voltage SiC Devices (10+ kV) = Fewer Cells for Given System Voltage

IEEE ENERGY CONVERSION CONGRESS & EXPO  Betroit, Michigan,USA &ct.9-13
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 J Laboratory

Grid AC-DC SSTs: Challenges (2)

m PFC Functionality on MV Side -> Modularity Penalty + Overhead
m Target Efficiency of 98% - 2% Loss Budget for 4 Conversion Stages vs. 2 Conversion Stages

LV Isolation

S e : Cabinet Weight vs. Volume

LFT 300
Switch-|
MVAC | gear & [ @- /

Prot. — © 0
99.0% | 2 200 o
= fo

| osT 995% 99.5%  99.5% 2 1 @@%/
e /A —A ner =

switch-| | i[8] [AC DC MFT /

MVAC | gear & —H 5 — @ ;
Prot. | | :|2 DC AC 0

0 0.5 1 1.5 2
enclosed volume [m? |

MV Isolation |

V=10 Nl N N N N

e MV PE Overhead: Protection, Connectors, Access for Maintenance, ...
e Volume (Modularity Penalty + MV PE Overhead) = Larger Cabinets / Heavier Weight

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Next-Gen. SSTs: Selection of MFT Operating Frequency

m 5...50 kHz Operating Frequency Sweet Spot (oy:r = Pp)

10%
mA
BE
S yp. ower
= 101;' Electron.
5 [
> boosomaano o .- - PR
I s i Rt
C
A
- 100;'
()
g |
O
[a
10_1 i : 2 ; 3 : 4 : 5 6
10 10 10 10 10 10

Frequency (Hz)

m Isolation Requirements (Clearance & Creepage Distances) Limit Power Density Gain from Higher Frequency

262
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Laboratory

Next-Gen. SSTs: Selection of Number of Cascaded Cells

m Recent 6.5 kV and 10 kV SiC Devices = 13.8 kV Grid Reachable with < 4 Cells
m Today’s Available Power Modules -2 Sensible Cell Power Ratings 250...500 kW w/o Paralleling

Number N of CHB Cells Selection of Blocking Voltage & N SiC Power Modules & Cell Power
20 - - 20 =1l v 10% — - . .
= / .
oy A= Contou.rs. Cell
N=3 < Power in MW
o 150 S 15 N=4| / 2
= v N=5 = 2
3 i : g : T
Y— [@)) -— °®
o 10} T 10 o 103 b 7 4
2 S 5
2 3.3kV - O 05
=] = 0]
= 5t 6.5 kV © 5l 3 \ 0 \
: 3 )
I = 0.7, 0
l [ I 10 kv S
0 ; ; ; 0 — ; ; ! 102 ; ; ; '
0 5 10 15 20 1217 3.3 6.5 10 12 17 3.3 6.5 10
Grid Voltage (kV) Blocking Voltage (kV) Blocking Voltage (kV)

e CHB Topology w. 75% Semicond. Blocking Voltage Utilization and M = 0.8 (M < 0.6 = Uneconomic Utilization)

263
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Next-Gen. SSTs: Improvement Potential

m 10 kV SiC and/or MMC Topology Might Facilitate the Jump Over the Power Density Barrier

m AC-DC Efficiencies >> 98% Remain Difficult to Attain
3-Phase Grid AC-DC SSTs

m Other Dimensions with Clear Improvement Potential 100
Over the State of the Art Unclear "Jump the Barrier"
99 CPES
Delta (2021) Est. Extrapol.
Modular SST LFT + SiC /
Q (Stacks Only) u ’@
Traction AC-DC SSTs > 98 2 a.
98 , , ' £ ¥ SMA . ETHZ(2019)
9 ABB (2012) S o7t 3MVALFT +Si  25kwW/10-kV SiC
< 96 (0] 1 c“j
(&)
2 a ABB (2012)
2 Alstom (2003) O 96 F 1.2 MW Traction A
E 94r @ i <
L
ol
o 92f . 95
< Alstom (2003)
1.5 MW Traction
90 1 1 1 94 1 n PR T T T T i | 1 L n PR | 1 L U T T T T
0.1 0.2 0.3 04 0.5 1072 10" 10° 10°
Gravimetric Power Density (kW/kg) Power Density (kW/dm3)

m Full-Scale Demonstrators Engineered to Standards Needed for Realistic Assessment!
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SST Realization Costs (CAPEX)

m High-Efficiency (Ecodesign) LFTs Cost < 15 kUSD/MVA
e MMC-Based SST: Similar LV-Side Power Electronics = Similar Cost
e MFT Smaller But Likely Higher Specific Cost (e.g., Litz Wire vs. Solid Copper, etc.)

LFT
: 1 MVACosts<15kUSD
Switch-| ¢ | AC
MVAC gear & — @ ; —o LVDC
Prot. | i DC
o OSST
switch-| | I §'| AC pc /| MET | [ac
MVAC gear & —H 3 — —( () —— ——o LVDC
Prot. | i i|2 DC AC i DC |:

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

m Budget for SST’s MV-Side PE Incl. Additional Protection < 15 kUSD/MVA

e State of the Art
- Automotive LV DC-AC Inv.: 3 USD/kW (U.S. Drive Roadmap R&D Target 2025; Only Transistors, GDs, Sensors)
- Grid-Connected PV DC-AC Inv.:  30...55 USD/kW (Fraunhofer, 2022; Incl. Sw. Stage, Inductors, EMI Filter)

m SST Cost Drivers: MFT, MV-Level Isolation Coordination, Assembly, Communication Systemes, ...

ECCE 265 5. 265
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Outlook: Experience Curve of Technologies

m Analysis of the Performance Improvement as Function of Accumulated Experience

m Learning Rate = Improvement / Cost Reduction for Each Doubling of Cumulative Installed Capacity

Experience Curve of PV Electricity Generation

$5.00

Installed
Cost of
Electricity
$/kWh

$0.50

$0.20

$0.05

Cumulative production GigaWp

0,1 1 10 100 1,000
i
+ 1978 i
+ Single crystal, evaporated contacts : é% G'OP&'
* Screen printed metal | Leneration
N\ Wire saws i from PV
+ Textured mono !
+ Aluminum BSF |
* Cast multi :
+ Point contact mono :
* Passivating SN :
* Iso-texture multi 1
i
|
Retail Natural Gas Electricity e H
5 . & 1
Grid Parity %2015 !
Wholesale Coal Electricity R !
" ~1.2020
I

Source: Professor Emanuel Sachs, Massachusetts Insititute of Technology.

* Assumes annual production growth of 35% and an 18% learning curve. PV costs based on 18% capacity factor and 7% discount rate.

Experience Curve of SST / SST Module Production?

® Can SSTs Ever Be-
come Cheaper than
LFT-Based Solutions?

e How Would That Change
the Picture?

® Procurement vs. Life-Cycle
Cost (Energy Losses)?

LFT

SST

m Typ. Empirical Learning Rates of 15...25 % -> Dramatic Cost Reduction Over Longer Timespan

m Used for Prediction of Future Costs of a Technology (e.g., PV “Grid Parity”) = Long-Term Strategies

IEEE ENERGY CONVERSION CONGRESS & EXPO Betroit,Michigan,USA &ct.9-13
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Ecological Aspects / Resource Usage

m LV Distribution Busbars / Cables Dominate the Installed Copper Mass
m 40+ vs. 10 Years Typ. Lifetime of LFTs vs. Power Electronics/SSTs
m Recyclability Advantage of LFTs & High-Power Single Units (Such as Diode/Thyristor Rectifiers)

3000

e e ' I (O ]
S O Wi
o o o O
o o o O

Copper Mass (kg)

n
)
()

.\i40(.) VDC-

0 25 50 75 100
LV Cable Length (m)

o

m Global Copper Usage Dominated by Other Sectors

Industr. Machinery &

Buildi
oene Equipment

Construction

Consumer
Products

Transpor-
tation
Equipment

Electric &
Electronic Prod.

Copper Usage by Sector in the U.S. (2021)
U.S. Geological Survey

m Life-Cycle Assessments—Cradle-to-Gave / Cradle-to-Cradle—Still Missing!

IEEE ENERGY CONVERSION CONGRESS & EXPO Betr
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Outlook: DC Grids / MVDC-LVDC Conversion

m Example: Future Offshore Wind Park Collector Grids e /\

Vhvoc.ensho ‘

+50 kV Offshore Collector Grid / 320 kV HVDC Transmission to Shore o e I

network

700MW , + 320kVipe

e +50 kV / £320 kV Offshore Substation oo’ 10kn

+ 320kV

R

Offshore substation |

VHVDC.on‘snorJ
IHvDC1 offshore ' | l R

IGBT Power Module, 6.5kV/750A
N_Devices: 12 f= Pn=10MW Press Pack Diode, 6k\//700A

N T 250MW, % 250MW, % 250MW, %
= 3x26[uF]  750/3[uH] % (& = +320kVpc / #50kVpe +320kVpc/ +50kVpc +320kVipe/ £50kVpe 1
- l—!.'—” ]y _‘ L \@} ' imvoct,oftshore § . Vivoc |
I_i"Jl | ] = : t
+2kV | @ n £ 50kV
L X o

fffffffffffffffff i

Eesn= End - 25000)] 2320A T

ENCIOICEPEICICION.

]
LS
5
2
3
: E

3x Invert
TaENW ?stW WBMV\ 2 k AW DEMW SXEMW SEMW

° Unldlrectlonal DCX MF Offshore substation converter /
- . MVDCside £ b HVDC-side
LVDC MVDC anv. in Ty @: .
Each Wind Turbine Fo | mwr ow f [
| | o
} 100mm? , 0.82km/cable ! 300mm OEka/cahle iFeedert + 50 ka r : L <+ + 320 kv
| iroedorz] | o £ 5 L
| |F dm k K
35 35 34§ 5 32 @ | ) r ; : )
3#35303:353;\ frsoaor
a7 46 45 24 43 22 a1 d MF | | t n
G G [ ) -
ﬂ ZR @_@;@.@. MMLC-Base solatio
100mm? , 0.82km/cable Pt 300mm?, 0.82km/cable ! !
m DC Grids Require “AC-Transformer”-Like Functionality = DC-DC SSTs w/o Alternative!
[Kjaer2016] 268
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Research Vectors
“Jump the Gap”

More Compact Realizations

System Studies (TCO, LCA, ...) 1:1 Demonstrators for Full Assessment
High-Power EV Charging & Datacenters 1:1 Voltage — 10+ kV
MVDC Grids (Collector Grids, Traction) 1:1 Power — 1+ MW
Special Applications (Naval, Subsea, Aircraft, ...) 1:1 Std. Compl. (BIL, Prot.) — 50+ kV

Alternative Concepts Protection & Robustness
Local MFAC D'Str'b_Utlon N MV Solid-State AC & DC Prot. Sw. / Breakers
Fully Opt. LFT-Based Solutions /

i Design for 20+ Years Lifetime
Multi-Pulse Rect.

Business Model Development | | Materials
Demonstration of SST USPs Insulation Material / Mixed-Frequency
Insulation Stress

Circular Economy & Sustainability
New/Future KPIs: Longevity / Repair / Re-Use / Recycle
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1= Laboratory

! &I EN d Increasing E-Waste Problem

m 53°000°000 Tons of Electronic Waste Produced Worldwide in 2019 = 74°000°000 Tons in 2030
m Large Proportion Ends Up in Africa & China = Melting of PCBs & Cables etc. / Hazardous Substances

m Increasingly Complex Constructions = No Repair or Recycling Source:

GreenIT
Solution

E-waste flow

L =

Venezuela

E-waste generation in 2014
(kilograms per capita}

42 MILLION
TONNES

E-waste generated| /'
each year ‘

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

41.8 million 16 11.7 11.6 19 0.6
tonnes million million million million million
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Cradle-to-Cradle (C2C) Design Concept ca

cradletocradle

m “Linear” Economy / Take—Make—-Dispose = “Circular” Economy / Perpetual Flow & Maintained Value of Resources
m Resources Returned Into the Product Cycle at the End of Use / Generation of Waste Minimized
m Maximized Use of Pure and Non-Toxic Reusable Materials

RAW MATERIALS 2 :

RECYCLING &
MATERIALS
RECOVERY

- Rethink
@\\\g\s\a&% N - Reuse
é\ DESIGN - Upcycle
COLLECTION CIRCULAR

{]

N

N
ECO

EFFECTIVENESS

2 c
PA
2 OSITIVE IM
(s ECONOMY 2 OPTIMISE P ﬂ
=2
= = o o M | | | | | -
& ME
QTR =
"\\(,.\‘j >
A\ & @) 1
MATERIALS & W O LUMISE NEGATIVE IMPAC
AS LONG AS S == 00 M
POSSIBLE =
foil il PRODUCTION & i

20

(RE)MANUFACTURING - Recycle
. - Reduce
DISTRIBUTION Source:

HE https://circularphila
010 delph1a.org

m Decoupling of Economic Growth & Use of Resources
m Measures Covering the Entire Lifecycle = Design | Manufacturing | Consumption | Repair | Reuse | Recycling
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Thank You!

e L

Latest Version

https://u.ethz.ch/9fNZu
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