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» What is a Solid-State Transformer (SST)?

m Power electronics interface \
m Medium voltage connection ()
. . . v HVt{
m Medium frequency isolation stage =L
m Communication link 5
=
2 My 1|5
m I/0 quantities = SST
* DC/DC >
* AC/DC S i PSU
* AC/DC T —
* 1ph, 3ph, var. freq. 50Hz 1 10 100 1000 kHz
e MV/LV, MV/MV = I e —
LF HF
Isolation Stage Frequency
m Terminology McMurray Electronic Transformer (1968)
Brooks Solid-State Transformer (SST, 1980)
EPRI Intelligent Universal Transformer (IUT)
ABB Power Electronics Transformer (PET)
Borojevic Energy Control Center (ECC)
Wang Energy Router

ETH:zlurich
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» Medium Frequency: Transformer Scaling Laws

2 1 U 1 21, N
| = ——= —, - =
k‘:‘:\ Core V2m Baxf N1 Wds kw/rms '
" V2 P
1 — 4 m Area Product: AcoreAwdg = — L
— \ Core | Uq T kW]rmsBmaXf

3
m Volume: V « (ACoreAde)4 X —5—
fa

16Hz 50Hz

100
90
80
70

= 60 m Caution: too optimistic!
£ 50 | * No HF core losses
K} ;*2 * No HF winding losses
20
10
0 :
10 100 1000 10000 100000 1000000

Frequency [Hz]
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» DC Collecting Grids for PV

m Globally installed PV: forecasted to 2.7 Terawatt by 2030 www.iea.org

<

DS
>

Source: REUTERS/Stringer

m Medium-Voltage power collection and transmission

ETH:zlurich
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» DC Collecting Grids for PV

V¥ Conventional

m Conventional

* DC/DC for MPPT

e LF transformer

HV Mains

m Future SST

e Direct MV interface @
» DC/DC SST for MPPT

AC———
m 1.5% efficiency gain LFT
AC 99% .
Medium-Voltage
AC AC
98.5
DC DC %
—> i
DC DC
999
DC DC %

DC ?E H Low-Voltage

+3

ETH:zlurich

High-Voltage
Transmission
System

AC Medium-Voltage

Collector Grid

8/71
V Future SST
HV Mains
43
@A_C
AC
- 99%
I | I DC

[Kolar/Schroder, Springer, 2018]
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» Ultra-Fast / High-Power EV Charging

m High power converter (100kW...2MW)
m Medium voltage connected charging systems

E.g., Porsche FlexBox incl. cooling
Local battery buffer (140kWh)
320kW - 400km range in 20min

Source: Porsche / Mission-E Project

ETH:zlurich
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» Ultra-Fast / High-Power EV Charging

m Conventional

LFT
o)L e
3 DC DC -
m Future SST-based concepts
SST
AC —++H %( }F + -
3 /AC DC bC Egﬁj
S
: S\
A DC AC L
ac—{7 —O— S=p
3i/DC AC DC [

m Power / energy management - “energy-hub”

[Kolar/Schrdoder, Springer, 2018]
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» DC Systems for Datacenters

m Ranging from medium voltage to power-supplies-on-chip
m Short power supply innovation cycles

m Advantages Server-farms
* Modularity / scalability - 98892? 450 MW

. .2 . o / 30s/a

. H!gher efficiency $1.0 mio. / shutdown

* Higher power density Running costs > 1nitial costs

e Lower costs

60 Watts

Source: www.vicorpower.com 3
Source: REUTERS/Sigtryggur Ari

ETH:zlurich
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» DC Systems for Datacenters

m Conventional

LFT UPS S 380...410V Server
35k\/'© 480V AC DC , 480V @ 208V AC DC DC 12V
r 7 T VRM
3 |3 DCT Ac] 3 AC AC F__ DC l be| be |
. PSU +
- L
m Direct 3-phase 6.6kV AC > 48V DC
Rack
AC - e o
: A fcr.
416k T | 416kV {AC Ac/): A8V Loa
AT AC . 3 AC /AC O e DC
'

m MV - 48V > 1.2V: only 2 conversion stages from MV to CPU-level (!)
m 3...7% reduction in losses & smaller footprint

[Kolar/Schrdoder, Springer, 2018]
ETH:zirich
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» SwiSS-Transformer Concept for Datacenters @ ETH Zurich

m Specifications
* Bidirectional 3.8kV AC (1-phase) to 400V DC SST
e 25kW power rating

m Target :
e 08% efficien cy Solid-State Transformer

e 1.5kW/dm3 power density lec AC +—1DC v
AC v, DC DC 3 DC
) (Transformer) )
MVl EMI 10kV SiC 10kV SiC %E 1200V SiC lLV
AC Filter Full-Bridge Half-Bridge i Full-Bridge DC
9:1
. . ) . J y
3.8kVAC(1~) PWM AC 7kV DC +3.5kV AC 400V AC 400V DC

V V V 4 V V
t t t t t t

m Single-stage SST concept > 10kV SiC

[Rothmund, IEEE JESTPE, 2018]
ETH:zlrich



Handling MV with SiC

Single-stage
Multi-cell
Modular
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» Single-Stage vs. Multi-Cell

m LV vs. MV semiconductors
m Sivs. SiC semiconductors

Le

Phase '

K

£3

Neutral

K

13

=L |4l

L
Phase o—-F—

m Complexity / volume / losses / reliability / redundancy

ETH:zlurich

1 1

Car i
: 1 :
i
3 1 V
vl
] 1

Neutral

[Kolar/Schrdoder, Springer, 2018]
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» Complexity of Multi-Cell / Modular Converters

m Actual realization of a modular MV converter systems - complex task

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

® ISOI.at'lon Ccoo rd]nat]on b AUXi I.'lary Supply Integration Technologie§ for a Fully Modular and
° COO I.] n g ° M echa nical assem b I.y Hét-Swap?able MV Multi-Level Cér.\cept C.onve.rter .
. . . Didier Cottet, Wim van der Merwe, Francesco Agostini, Gernot Riedel, Nikolaos Oikonomou,
* Control & communication * Fault protection David Saumann, Wili Gei, Franz Widner, vino Sundaramoory, Enca Banda,
Franz Zurfluh, Richard Bloch, Daniele Angelosante, Dacfey Dzung,
[ ) H Ot_swa p ° etC. , etc. 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

> 25 Authors (!)

Contact: didier.cottet@ch.abb.com

m Example: MV MMC presented by "‘\EBIB

j

< 48 Cells

L.}
I"

RS EET ST SR e kR

:
= Load 2
g Induct 3
L Y R A,
| g ac 3
H 2
g

Bottom Left Branch

converter

F
3

j

Phase Right

o [Cottet, PCIM Europe, 2015] [Cottet, ECCE USA, 2015]
ETH:zurich
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» Complexity of Multi-Cell / Modular Converters

m Allinterfaces must support modularity — hot-swapping test @ 24kV (!)

V¥ Bypass Switch

V¥ Hot Swapping

1000

900 soft release

bypass bypass

800 \ /

700 \ \[ natural |
> V== ¢ re-balancing
o 600 ~ }

2 prm—t =
% 500 l 7
Z 400 / A
S 300 fi 71\
200 pull-out ||| insert
PEBB PEBB
100
0

0 100 200 300 400
time [s]

[Cottet, PCIM Europe, 2015] [Cottet, ECCE USA, 2015]
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» SST for Datacenters: Multi-Cell

m Multi-cell SST (ISOP) for datacenters presented by R9 Fuji Electric

e 2.4kV ACinput * 5 cells
e 54V DC output * 65 switches / 35 diodes
o 25kW * 10 transformers / 12 inductors
* Sitechnology * No redundancy ¥ Hardware
v Topology A converter cell
. ; I”:,C Vr)c,ll—__D_C/QC_CO_m@’rt\E:_.l g‘ %
Vin,]T_ /_ 1\: /\IB”g /_:1 iVout

V. Vin,’lgl Converter Cell 2 |j‘

. Converter Cell N Tow

L_ VDC.N_ —

m LV Si FETs = very complex structure

[Kashihara, APEC, 2017]
ETH:zirich
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» SST for Datacenters: Single-Stage

m Single-stage SST for datacenters presented by ETH Z(rich

e 3.8kV ACinput e 1cells

e 400V DC output * 10 switches / 0 diodes
o 25kW * 1 transformers

* SiC technology * 3inductors

10kV SiC H-Bridge

38KV rms J%mkv SiCJ:13 .1*(_)kV j% 2KV sj?:l:*
ig Lf Lg L b T- i
- - L _
1T b |~
C 4
& i - L 5V DC i r — [400V DC
Cb_l_ - -
9:1
S TcCFmer ij Jo& — J& *j Ja
10kV SiC
~ °
iTCM Network 10kV Half-Bridge MF Transf.  1.2kV H-Bridge

m Much simpler structure - require HV SiC FETs
[Rothmund, IEEE JESTPE, 2018]
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Driving HV SiC
Isolated Supply

Gate-Drive
Fault Protection
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» HV SiC MOSFETs

m 6.5..15kV SiC FETs -> new challenges for packaging, driving, etc.

* Isolated power supply
e Isolated communication
e Fault detection

V¥ 10kV SiC Prototype

_ Diode chip
Gate terminal
MOSFET chip

Non-insulated /

base-plate
(drain terminal)

ETH:zlurich

* Insulated cooling pad
* Electric field shaping
Clearance / creepage

10V

Source terminal

21/71
V Integrated Module
oD
All in one 10kV SiC module
10kV

+20 V(iso) SiC | ¢ g
4 2,
Igriver Rorr L &
tage —o g
oo Ry <4 E
'5 V(iSO) le[ 058 =
| Source (0 V) ,E
Gate sig. E

GND ' Switch-node
potential i{ potential

[Rothmund, IEEE CPSS, 2018]



=1C I Power Electronic Systems
"= Laboratory

22/71

» Low Inductance or Low Capacitance?

V¥ HV SiC Module Prototypes

m HV system - high impedance
* Stray inductance are less critical BaeEn
* Stray capacitance are critical =i=T=10
m Paradigm shift towards low capacitive designs

V¥ Stray Inductance

—
<
=)
—
<
oo

Inductance L [H]
>
Capacitance C,, [F]
=)
o

1078' 10—10
10°
25kW System 25kW System
10757 1 10 100 1000 1070 10 00 1000
Impedance Z,, [Q] Impedance Z_, [Q]

o [DiMarino, CPES, 2019] [Kraig, NIST/DOE, 2014] [Rothmund, IEEE JESTPE, 2018]
ETH:zirich
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» Isolated Power Supply

m Low capacitance
m HV CM insulation

m EMI robustness .
m Compact design V¥ Fraunhofer / Toroid

V FREEDM / PCB

Gate Isolation

V¥ TDK / Fiber

Input Supply  Input
4 3 Board Power
Diode R S

Board

"’ ~ Grooves for additional

creepage

(a)

V FREEDM / Toroid V ETHZ / Potted

Isolation
Transformer \\

% <
Input - / e
Power ™34 L = _
)
Input Supply 4 ’ > ,
Board ;- &
e [solated 3 / >
: Iy Power Board y R
b | Gate Drivel : )
Optical = i;::": river :

Receivers Gie

Connector

ETH:zlurich
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» Isolated Power Supply with Air Gap Insulation

m Two core halves separated by insulation
* Vacuum potted in silicone
e 2.6pF coupling capacitance

e 3.1 cm3 volume

24/71

Spacer (PP) / 4<E8&.8 ferrite cores

Windings: 32 turns
6x71um litz wire

+20V (iso) IC -5V(iso)
o/ SO

ETH:zirich
Isol. .
transf. |

| |
o 1 [
e Lé i,

f——1>

i

Il
5

Unc] = +20 V

|
#x L
- GND _{__Switched
Imegrgtcd potential = i~ potential
Circuit (IC)

m Isolation testing: 20kVDC for 1 hour & 7kV / 50...200kHz for > 50 hours

ETH:zlurich

S m—

High-side source

[Rothmund, IEEE JESTPE, 2018]
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» Short-Circuit Detection

m HV SiC devices
* Sensitive devices (compared to IGBTs)
 Expensive devices
m Fault detection
e EMI immunity
* High bandwidth
* Compact design

m Different concepts are working

ETH:zlurich

V¥ CPES / Rogowski Coil

Power
management
unit

Rogowski
coil board

Gen-3 10 kV/

SiC MOSFET Cutrent £2=

module XHV-6 b ) =i
oosters _—

25/71

V FREEDM / Shunt / Desat.
2Y ‘wﬁw 3

Y “‘-‘ 2 !—l\ G; ] el

=

L.,

o

(o

T

[Tripathi, APEC, 2016] [Wang, CPES, 2019]

Desat Sense [

Sensors

[Rothmund, IEEE JESTPE, 2018]
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» Fault: Hard Switching

m Testing for hard switching fault @ 7kVDC
* Current transformer for overcurrent detection
* 25ns delay from overcurrent threshold to gate voltage reaction

8 T 1 T T 50
u[

— DS7kVv.  OCT=25A —_
Z 4 TV Lo {25 <
= Upg akv -
% ! 5
S =
g 0 WO 6

-4 -25

20
> 10
L
=11]
]
s 0 T/

1 1 ,l Trca:ﬂ=22r35

0 1 1 1
-100  -50 0 50 100 150 200 250 300 350 400
Time [ns]

m Hard switching = 50A max. curr. / 200ns for turn-on of low-side switch

o [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» Fault: Flashover

m Testing for flashover fault @ 7kvDC

* Most critical case
* Specific to MV systems

10

39KkA/u

400

S
Z s 200 <
S I=
g £
=) 0 0 =
= 1.2MV/us : : ® o
g F‘\ .
_S 1 1 1 1 1 8 1 ] mver _200
ST D
200 . : : : : LS J4os
Gsy |\
Ugs oln-statfe; "
—_— N ears fau 4
> 100 +20V F
Q
g or VAR
G S5V
=100} .
_200 1 1 1 1 1 1 1 1 1
-100 -50 0 50 100 150 200 250 300 350 400

Time [ns]

m Flashover (gas discharge tube) - du/dt = 1.2MV/us / switching 7.2kV in 6.0ns (!)

o [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» Realized 10kV SiC Half-Bridge

28/71

m Creepage: PCB slots / silicone tubes (IEC norm)

m Components
* Insulated supplies
* Gate drivers
* Fault protection
* DC-link capacitor
m Cooling of FETs
* Heatsink on potential
* Reduced parasitic cap.

Isolation transformer

Switch-node
potential

tube GND

potential

ETH:zlurich

, WY . Fiber
N optics

10kV SiC
module

/ [solation

o— transformer
/

capacitor Overcurrent

’\ protection

Driver stage

Current

Power supply b
transformer

Silicone tube }

[Rothmund, IEEE JESTPE, 2018]



HV SiC Performance

Single-stage
Multi-cell
Modular
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» Conduction Performances

m HV SiC FETs approaches the SiC limit
m HV SiC FETs have low condution losses
m Beware: MV bipolar devices (SiC IGBTS) are even better V SiC FETs Scaling

\/

Ektrapolation

V¥ DC-DC Converter / 7kV / 400V

State-of-the-art

=
©
G
. E 0%} SiC MOSFETs
c. [10kV SiC 1.2kV SiC g Ratings
1l MV Transformer
— S C, S‘Ji Syl i :E
IC] —1ac, gy
E Yo || ' Ci_'" ; ]
= | —_ K]
£ | AC, -5 *g 0.9 kV
C H 52:6 o 10tk
= sJ"‘ Splm & Sk &
lfcz §,
R p— —— o 2]
HB, HB, =

10° | | | 161 | i02
. Breakdown Voltage (kV)
V¥ DC-DC Converter / Conduction Losses

1x parallel  400mQ
400V 3x parallel 11.3mQ 113w

m Equal MV and LV conduction losses = 2.6m() would be required (!)

o [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» Switching Losses

m Hard-switching vs. soft-switching
* Significant hard sw. losses (still better than Si IGBT)
* Hard switching limit the frequency to 5kHz
* 30-times lower soft-sw. losses / lower du/dt

Hard-Switching Losses Soft-Switching Losses

25 - 0.25 .
79kV/us 3
20} : kV‘/\: 0.20} 57kV/ps |
'.—._______._-—-'
y 6kV
E | 87kV/us =
E : sV | 3 5kV
10} o010t -
/4kV'/ 2 v
J— /
///2 kvV—
0.25 1T | wv—
0 (== . . | . .
0 25 5 75 10 125 15 17.5 20 % 25 5 75 10 125 15
Current [A] Current [A]

m ZVS topologies should be favored

[Rothmund, IEEE TPEL, 2018]
ETH:zlrich
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» Measuring ZVS Losses: Transient Calorimetric

m Electric measurements are too inaccurate for MV ZVS losses

m Transient calorimetric measurements
e DUT on therm. isolated brass block
e Temp. gradient indicates total power loss
 Add. switch S, for separation of cond. & sw. losses

V¥ Topology V Setup

DC - Mid DC + Gate Drive Unit

puT [’so

C:l:i SgIEjluso
\
e

L

g => .
S(€ -

\isz
G| +

==

Brass blocks Brass block with
(for passive cooling) thermal insulation

m No subtraction between E,, and E_; = accurate measurements

ETH:zlurich

=N
=]

L W W W
o

Temperature [°C]

N 0

32/71

V¥ Meas.

AT

0

i

2 3 4 5 6
Time [min]

[Rothmund, IEEE TPEL, 2018]
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» ZVS Switching Performances

m HV SiC FETs have good ZVS performance
m ZVS losses still in range of cond. losses @ 48kHz V¥ MV Bridge

¥ DC-DC Converter / 7kV / 400V

O—t a 4 :
C 10kV SiC 1.2kV SiC ..
i+ S, e MV Transformer C SLJ"' S%IJ,‘_ -
. [y . C3
Ig ; LV AC| | 4 . : - fnodulc
;_ . . E . C] ¥ 5 cap:'ncl::or m?gm( e _— u:;t;;:::r‘::‘cr
& i 3 - |£ e
n - :D Driver stage
::’ ACg E::;nin:m e Power supply sl i
CL_"‘ S |—< L h‘ 52:6 i 5 — S .
T J szij ﬂ:j
I o
o—t" 4+ V LV Bridge
0B, 0B, =

¥ DC-DC Converter / Switching Losses / 48kHz

Energy / switch

7kV 1x parallel  191ud

400V 3x parallel  8uJ 2W

m LV SiC FETs have better switching performances
[Rothmund, IEEE JESTPE, 2018]
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» SST for Datacenters: AC-DC ZVS

m Integrated Triangular Current Mode (iTCM) topology
* Increase of current ripple by an additional LC-branch
 Separation of the HF and the LF current

V¥ Waveforms

V Topology

N\L J;l}l(}kv slsc;J !

1 Le

Current [A]

- Cf “AB I I —
ﬁ j |~ CbT 80 fow ! i |

Time [ms]

ng
- + O
Al | _— A
Cocl-
N
T
—
& i
o = o20¢ frnin
0 ] i ;
0 5 10 15 20

m Open-loop variation of sw. frequency for const. ZVS current (35...75kHz)
m Well-known PWM modulation applicable

o [Rothmund, IEEE JESTPE, 2018]
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» SST for Datacenters: DC-DC ZVS

m Series Resonant Converter (SRC) topology
 QOperation at resonance frequency (48kHz)
* Acts as “DC transformer”
e ZVS with trf. mag. current

V¥ Waveforms
V Topology 4 ; : , 500

o = L T | —
o Jokvsic 12KV SiC % 2 250 &
=" S| (.%Y.It@ﬂ.&f@nﬂ.@[.‘c Syl & Sa . % 0 o %
i i g Ica = S
Igy Lty i iy bAC, £ 2 ul\{\f LY 1-250 =
z ‘ i” . al Gl+ |3 -4 s : # . -500
g i = T |2 5 120
a 1l -
2 AG, R
al, - Cds:6 | B <73 160 =
= S S R Sy & P o :
fe2 S. 160 S
o O
HB, HB, -120

m New phase-shift modulation scheme
e Active splitting of the mag. current between the LV and MV side
* Better than synchronous rectification

. [Guillod, IEEE TPEL, 2019]
ETH:zlrich
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Switching Frequency

Frequency dependent losses
Optimal Frequency
Trade-offs

ETH:zlurich
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» Frequency Selection
V¥ Trf. Scaling
99.9 T
0.1kW
m Magnetics profit from high sw. frequencies |1.0 kW/{ N
* Reduced losses = mil X—- ‘___‘ ama
* Reduced volume = /- T
m Semiconductors profit from low sw. frequencies S 99.0/ /" 7
m System optimum &E /
L /\
/- 10.0kW/L
90.0 / 72
V¥V RWTH / 1kHz / 2.2MVA 10° 10° 10° 10°

Frequency [Hz]

\ 4 CPES/ 500kHZ/ 15kwW
450 mm

700 mm

RWTHAACHEN
UNIVERSITY

Top View

L [Soltau, RWTH, 2017] [Zhao, IEEE TPEL, 2018]
ETH:zurich
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» Optimal Frequency of Transformers

m Magnetics profit from high sw. frequencies
* Core losses = reducing (volt-second prod.)
* Winding losses = increasing (skin / prox.)

m Transformers have optimal op. frequencies

V Opt. Frequency V¥V Max. Efficiency
100 [ 250 100.0
LV 200 99.8
50 P
4 N
= 5] 150 T 99.6 —
| =, =
= 20 3 994 =
A 100 2 :
2
10 =1 99.0
5 - n 99.0
5 10 20 50 100 1020

m Increasing frequency is not always good (!)

. [Guillod, ETHZ, 2018]
ETH:zlrich
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» Sensitivity: Optima are Flat

m Transformer optima are flat
m f,,i/2 2 max. 15% add. losses

m Additional effects
* Switching losses
* Neglected losses, e.g. busbars

V¥ Transformer: Pareto Front

100.0 ! ! 200
f::pt / 3‘ ﬂ)pt/2| .ﬂ:pt 100
99.8 L
99.6 0
= . N
% 99 4 ;) i
' 0 o
992
AT >
99.0 : 7
5 10 20 50 100
p [kW/1]

m Opt. converter frequency << opt. trf. frequency

ETH:zlurich
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V Optimization Method

Geometry Topology Materials

S @ T
v
3

Magnetic Field
Winding Losses
Core Losses

L 2
Electric Field
Dielectric Losses

"1 Iterate

¥
Thermal Model
Temperature

[Guillod, ETHZ, 2018]
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» Benchmark of DC-DC / Single-Cell

V¥ Efficiency
ETHZ 25kW | NCSU 20kW | NCSU 10kW N AT
Voltage 7kV / 400V 10kV / 340V 6kV / 400V 99.0 //,A oo
Frequency 48kHz 37kHz 40kHz = 085 7/—{NCSU 10 kW|——
£ 98.0 -
Switches  HV SiC HV SiC HV SiC k3
Densit 3.8kW/dm3 1.5kW/dm3 n/a LEU.. 7.3 ‘;:%Oi
— : - 97.0 ';'": _ INCSUzo W[ | e
Efficiency  99.0% % 97.3% 97.4% ny
10 30 50 70 90 110
Load [%]
V ETHZ 25kW

¥V NCSU 20kw

:.-\nﬂ
=1V

FREE

SYSTEMS CENTER

- ETHZziirich

m Similar sw. frequency # similar performance

[Wang, IEEE JESTPE, 2017]  [Zhu, APEC, 2018] [Rothmund, IEEE JESTPE, 2018]
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» Benchmark of DC-DC / Multi-Cell
V Efficiency

ETHZ 25KW | CPES 5x15kW | Fuji 5ok [N R prys
Voltage 7KV / 400V 4kV / 400V 3.8kV / 54V 99.0 /,r ot
Frequency 48kHz 500KHz 70KHz £ o8 7
Switches  HV SiC LVSiC/GaN  LVSi 5y

) ; 5 5 % 97.5 :,-’
Density  3.8kW/dm 2.9kW/dm 3.5kW/dm ol 1/ ST
Efficiency 99.0% %  97.9% 97.5% ool

10 30 50 70 90 110
. Load [%]
V Multi-Cell V¥V CPES 5x15kW

E -EB ol Jal} + — TR V Fuji 5x5kW
| B3 3]E| B T
| BafilE[ =+ |
C -
o—1] 1

4 ~1 = ) i g '
» -.“ “ :wcr Density: 48W/ir :.:"‘: , ) P
; — ng‘ms-: Width (50 mm

m High sw. frequency # high performance

[Zhao, IEEE TPEL, 2018] [Kashihara, APEC, 2017]
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DC Voltages
LF AC Voltages
PWM Voltages
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» Insulation with MV/MF Converters

m New HV SiC devices m Example: Eagle Pass HVDC
* Voltages: 15kV

e MF harmonics
* Frequencies: 200kHz

e Losses in cable terminations
 Switching speed: 150kV/ps * Time to failure: one week

V¥ Eaqgle Pass: Harmonics

V Eagle Pass Termmatwns

voltage (Kv)

H i i i i i L !
D0t o002 003 004 005 €06 007 008 008
time {8)

01

5 H
. H : : : : ; : :

tEJ S
2 K] =9 SN
ER s
B
= 3

) v k Py P

] z 4 & B 10 12 14 16 18 20

frequency {kH2)

m Design and aging of electrical insulation of MV/MF converters is critical

[Paulsson, IEEE TPWRD, 2003]
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» Geometry & Field Shaping

m Field shaping V¥ 10kV Module: Field Shaping
* Wide spectrum: 0..10MHz g
* Grading without losses TET=T s il
* Interfaces between media = -
m Basic contradiction
* HV: large distances
e MF: small distances

E [¥/m]

2.8000E+007
1.86876+007

1. 007

. 7 R
1 E
1

_ 10KV SiC
MOSFETs

¥V Transformer: DC vs. AC V¥ Transformer: Field Shaping & Shielding

DC Field AC Field
15 — CM Current / Time
: ‘ : : resistive ‘
° o 00 12 shield | =100 i
. @ :: T <
: Sl ||, £ <
° ‘ IS 9 = =
° QOO ‘% — 50
s @ ::: 5 =8
® 000 = —
o slo'e 2 g
1 B - £ 0
2 il @ :: & o
. ETH:zurich

o [DiMarino, CPES, 2019] [Guillod, APEC, 2017]
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» Oscillations / Overvoltages

V¥ MV/MF Transformer: Critical Resonances
-

Tk Sepped LET T - 26Fen 14183390

l[14/nm ,__-‘ o[1KkV/Dev]

W”W Lﬁ“

1_\ 5 \/De\] \_x |>00\ /Dev.]

WW

Time Scale [20ps/Dev.]

1368

HV-IGBT Conve:

m Component resonances
* Uneven voltage sharing
* Additional stress
* Additional losses
m Careful design
* Geometry & materials
* Low parasitics

FREED:‘J‘

SYSTEMS CENTER

V¥ Low Parasitic Design

¥ MV/MF Transformer: No Resonance

Pﬁfcfcfc:@:“:@fd' 01313131‘13:33@
CSeSEe 1313131-'1@. 01313131313131-&0
Terminal Voltage Winding Currents
+500 +10 +100
[ /
4250 EMIJ'/ +5 ,/ AN +50
= < \— <
= 0 — o0 [}—No =
— - =
G £ 2 [l g
= -250 -5 4 -50
h v/
1 —500 -10 -100
Frequency [Hz] Frequency [Hz] 0 5 10 15 20 0 5 10 15 20
1 [ps] (@) 1 [js] (b)

ETH:-urich

o [Tripathi, ECCE Asia, 2014] [Rothmund, APEC, 2015]
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» Dielectric Losses

m Dielectric losses V Electric Field / Dielectric Losses
* Frequency dependent 15.0
e Temperature dependent 6.96
m Critical with MV/MF voltages

300.0
139.2

3.23 64.6 72
m MV/MF transformer @ 48kHz e 00 =
* Epoxy resin ' =
* 17% of the full-load losses 0.69 13.9 ¥

e Thermal runaway at 130°C

6.5
m Better materials (e.qg. silicone)

3.0

V 48kHz Prototype V Losses V Temperature
120 [ Windi ‘ ] 150
- ;?e na runaway|
90 | == Cooling 125 —|a peak [runaway] i/
= == Insulation /// = T //'
g 60 = £, 100 | btien————
o2 ~[nominal[~—— ~ L_ =
30 75
0 50 :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
ETH: ! rich Power [kW] Power [kW]

L [Guillod, IEEE JESTPE, 2019]
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» Partial Discharges V¥ Sinus vs. PWM

80 1.5
A e =
E w0 - 0.8 ':f;‘
m Partial discharges at MF 2 o
o Different that 50Hz B o B
e Sinus = PWM = w I P sl
.. 80 — | 5
* Extremely critical I L
m Difficult task: meas. & interpretation a i "
m Lack of knowledge for MV/MF systems g9 o 2
= - s
3 20 R =
£ 0 00 £
E - * PD magnitude % E
-60 Generator voltage <
04 -2 0 2 4 6 g1
Time (ps)
V 500kHz Prototype V 50Hz PD Test ®)
‘ e A s 3
; 7 i =
z 0 00z
g -10 _ ‘ © D magnitude || P £
B e _ Generatorvoltage || ¥
Mo 200 -0 0 00 200 3007
Time (ps)
()
Shield 3 ;z; - . 1.5
§ 2: x W ‘i " N é
2 of 00 %
|~ _7:;. . I“L)' ln:::nlidm- B
19 0.005 0.01 0.015 002"
Time (ps)
)]

o [Wang, IEEE TIE, 2014] [Zhao, IEEE TPEL, 2018]
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» Insulation Test Bench

V Test Bench

m Reproduce converter stress: DC/AC+PWM
* 0..20kV DC or 50Hz
* 0..2kV PWM Voltage
* Variable rise time
* Controlled temperature/humidity
m Monitoring
* Dielectric spectroscopy
 Optical monitoring
e UV/IR monitoring
* Automated testing

Vessel

V¥ 20kV DC + 2kW PWM V¥ Remote Control V Test Cell

1.

Voltage [kV]

o [Collaboration ETHZ/PES and ETHZ/HVL]
ETHzirich
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MV/MF Transformers

Fundamentals
Design Space Diversity
Electrical Insulation
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» Transformer Optimum

m Many degrees of freedom

* Geometry: coaxial, core, shell e
Winding: litz wire, foil, PCB V Optimization Method

Core: ferrite, amorphous, nanocrystaline Geometry Topology Materials

Cooling: oil, air, water, natural, forced & ‘ M “ﬁ

e Insulation: air, dry-type, oil T
m Optimization procedure required
[ Trf. Model

Trf. Eq. Gircuit
V Design Space: Optimum I q; Ircul

35 i 150 I Waveforms
30 \ J 120 ¥
\ p— "-\\ RMS, max| I;
e 7 N\ Magnetic Feld
— 20 AT S 90 = Winding Losses
= \ f”“”‘ % Core Losses =
< 15 g ¥ ]
N %0 Electric Field | | S
10 B [ N Dielectric Losses =
sat]
5 S N 30 ¥
7 | <-\.___\ Thermal Model
0 o/ Mot i 0 Temperature
5 10 20 50 100 200 500 1000 —
£ [kHz]

. [Guillod, ETHZ, 2018]
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» Design Choices

V Transformer Types

E-Core / Shell-Type C-Core / Shell-Type C-Core / Core-Type

i

) (c)
E-Core / Planar E-Core/ Coaxial R-Core / Coaxial

(@)

(@

m Who is right / has the best concept?

ETH:zlurich



Power Electronic Systems
|-I E n Laboratory Y 52/71

» Design Space Diversity ¥ 48kHz Prototype

m Design space diversity
* Many different designs have similar performances

* Flat optima / local optima
m Optimization

e Intrinsically difficult

* Global optim. alg. required

ETH:zurich

V Diversity: Fixed Volume / Power

V¥ Pareto Front
350 16 8 8 11 5 3 7 180 100 100.0

100 — I 500k
b . . . 9.
— I Lg% 50k —
T * =
o
,‘? R 5k g
[} 1 & [}
G [P R E
E 98 - W% ?" g
£ MO =
fac ‘.,ﬁ 500
B
o7 12 f.%‘ 1l ©o o o0 o0 o0 0 ©0 0 0 0 995
10 10° 10* 102 kHz 1 1 1 1 1 1 A/mm? mT K %
Power Density [kW/(] e n X, X% X, Fe re Jws By AT %

m Design space diversity = numerical opt. required - add. freedom

. [Guillod, ETHZ, 2018]
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» Impact of Insulation

V 48kHz Prototype
m Electrical insulation
e >7kV DM insulation
e >15kV CM insulation
* Dry-type insulation
m Critical impact on the power density

ETH:zirich

V¥ Without Insulation V¥ With Insulation

70

60

50 "N
=

40 o

30

20

5 15 25 35 5 15 25 35
p [kW/] p [kW/1]

m Electrical insulation should be considered during the optimization

. [Guillod, ETHZ, 2018]
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» Insulation Concept: Air Gap Insulation

m Specifications

* 500kHz / 15kW

e 800V to 400V
m Multi-cell structure

* DM voltage is small

* CMinsulation (17kV ., / 30kV
m Air gap insulation

* Epoxy / PTFE

e CMinsulation

* Increased winding losses

m Good for multi-cell SSTs

V¥ Insulation Concept

%

Tape thlckness
thickness
_
Crccpagc le'lnme
Distance Bobbin | | Bobb]n Distance

ETH:zlurich

surge)

V Electric Field

Line to Line
3 3 6KV

ACIDC__

2

:

V¥ Multi-Cell SST

54/71
800V DC  S00kHz isolated DC/DC 400V DC
DCDC Module 1 T
DC/DC Module 2 1
DC/DC Module 3 i
DC/DC Module 4 in
DCME Module § __
T

[Zhao, IEEE TPEL, 2018]
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» Insulation Concept: Hybrid Insulation

m Specifications
* 10kHz / 240kVA
e 800V to 600V
m Voltage stress
* DM voltage is small

* CMinsulation (100kV,,, / 150kV

m Hybrid insulation
* Epoxy / air
* Air cooling
* Increased volume
m Good for extreme CM voltages

V Prototype

V Electric Field

55/71

V Flashover

V¥ Insulation Concept

air flow @ epoxy

LV winding

[Gradinger, PCIM Europe, 2017]
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» Insulation Concept: Air-Core Transformer

m Specifications
* 103kHz / 166kW
e 7kV to 7kV
* Aircraft applications
m Air core transformer
* No magnetic core
 Airinsulation
* High efficiency (>99.6%)
m Reduced weight (>25kW/kg)

V¥ Future Hybrid Aircraft

+3.5kV DC

56/71
V¥V Gravimetric Power Density
99.90 Y
T
99.85 “
99.80 ‘
99.75

0 .
5 10 15 20 25 30 35 40

Solid State Transformer

Prop. Prop.

oo ETHZUrICh o

ETH:zlurich

99.70

99.65

60
5 10 15 20 25 30 35 40
Gravimetric Power Density (kW/kg)

V¥ Air-Core Transformer

Secondary Coil I
Magnetic
Shielding

Secondary Coil I1

Magnetic

Primary Coil | Primary Coil Il Shielding

[Czyz, ECCE Asia, 2018]
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» Insulation Concept: Sillicone Insulation

m Specifications

i o
m Single-stage structure cl__‘i”‘VSSiC;l MY Trnsformer S _gk"SSiEl}
* DMinsulation (>7kV,,,) T- 2 C L T JnE Sy s
“ e ——AC,

* CM insulation (>15kV ,,,)
m Potted winding

UDC MV
P—
Uy
['-q

=
— -
[ ]
— .
L]
U
LV
>
O
S
[
L
UDC LV

* Silicone insulation : N,
* Air ducts for cooling Gls S & S & Sk
* Low winding losses iy ETH ziirich

m Good trade-off

V¥ CAD Design V¥V Prototype

o [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» Construction / Potting

V¥V Construction Process

m Silicone insulation (“TC4605 HLV")
* Low losses at MF
 High thermal conductivity

m Vacuum silicone injection

V¥ MV/MF Transformer Prototype

[LV terminations| [Grounding|

A

/
170 mm Ferrite core

[Temperature meas.|

L

L [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» Electric Field Shaping

m Field shaping V Electric Field / Dielectric Losses
e 2 chambers with 3 layers 15.0
* Reduced parasitics / resonances > 2MHz 6.06

m Insulation stress

300.0
139.2

e 1.2 kVar cap. react. power 323 E 64.6 “E
 8.4W dielectric losses 1.50 %: 30.0 =
e 2.3kV/mm in silicone 060 E 59
m Controlled insulation stress -
0.32 6.5
0.15 3.0

V¥ LV Winding / MV Winding
V Optimized Winding Scheme

Gﬁf@fﬁﬂﬂ@f@fﬁ! !#IGIGIGISI“-‘I@I@@
CeCSTTEEEL i oSO TSEI

L [Rothmund, IEEE JESTPE, 2018]
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SST Prototypes

Commissioning

Efficiency
Calorimeter
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» AC-DC Stage: Design

m Single-stage 25kW AC/DC
e 3.8kV ACinput
e 7kV DC output

m Fully functional stand-alone system

V Topology
10kV SiC H-Bridge

10KV SiC |
Jw
H

1+
|

7kV DC

—
LCL Filter J IHSN J%}
‘
iTCM Network

ETH:zlurich
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V Prototype

V¥V Lab Setup

Boost ind.L,

Isolation
transformer

[Rothmund, IEEE JESTPE, 2018]
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» AC-DC Stage: Waveforms

m ZVS modulation scheme
e 7VS with iTCM modulation
* 35..75kHz switching frequency
e Constant ZVS current

m IEEE 519 compliant

10kV SiC H-Bridge

V¥ Topology .
J}mkv SiC J}
Lf‘ Lg J: J:
o C — -ng l L
::E'”l ! A fb-]_ == 7kVDC
Rd Cb—l_ -
~
LCL Filter JE}M]
O
e
iTCM Network

Current [A] Voltage [kV]

Current [A]

62/71

V¥V Measurements

8
4
0
4t
-8
15
7.5F
0
-7.5¢F
-15
30
15
0
-15¢
-30 L L L . L . L . :
0 2 4 6 8 10 12 14 16 18 20
Time [ms]

m Full-load measurement (25kW @ 7kV DC) - ZVS over full AC cycle (!)

ETH:zlurich

[Rothmund, IEEE JESTPE, 2018]
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» AC-DC Stage: Efficiency

m 99.1% efficiency @ 100% load
* 98.7% efficiency @ 50% load

* Low losses despite 35...75 kHz sw. frequency

m 3.3kW/dm3 (box volume)

V Loss Distribution

250

2001

HF MOSFETs

= 150F
LF MOSFETs | /.

100} -
LK
L,

Losses

50F

Filter

0

0 5 10 15 20 25 30
Power [kKW]

ETH:zlurich

100

63/71

% 99.1%
Y 3.3kW/dm3

V Efficiency

99.5¢

Efficiency [%]
o
~J
n

o)
o &
X

95.5¢

D
Ln

)
o * o
%o n O

o
~]

iTCM
AC/DC

99.1%

=

10

i3 20 25 30
Power [kW]

[Rothmund, IEEE JESTPE, 2018]
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ch
» DC-DC Stage: Design

m Single-stage 25kW DC/DC
e 7kV DCinput
* 400V DC output
m MV/MF transformer is the challenge

V MV Bridge

N—

Fiber
optics

10kV SiC
module

Insulation

DC-link
transformer

capacitor

Overcurrent
protection

Driver stage
Power supply

Current
Silicone tube

transformer

ETH:zlurich

V¥ Topology

64/71

[o Smm— o
c 10kV SiC 1.2kV SiC
+
'::7 S,'Jﬁ ' "_MV Transformer c Sd: SZDIJ: f
ic Iy HTLEY a
= AC,
s & Z Gl+ |3
2 S S - |&
S AC, =
Gl + — — 14
T- S}J.’tj S.2|:+’1 322|.*1
e
(o2 <
HB, HB, =

¥ MV/MF Trf.

MV terminations

LV terminations e

Winding
package

L —

\ W
A

Grounding bar

V¥V LV Bridge

Gate  Fiber
driver optics .
PCB 4

Current
sensor

o—DC terminals

AC
terminals

Heat sink

[Rothmund, IEEE JESTPE, 2018]
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» Transformer Efficiency: Calorimeter

V¥ Transformer / Calorimeter

m Electrical measurement

* Tooinaccurate />99.5% / 48kHz

* MV probes are not accurate enough
m Double-jacketed calorimeter

* Two insulated chambers

» Water flow & heat exchanger

V_ Double-Jacketed Cal.

o Heat T
l cal e Flow Sensor Water Temperature
Exchangeri

runn V¥ Trf. Efficiency
D) ;
& 100.0 ‘
Air Gap M Heating Foil * 99 .690/0 s-i m. EEK |
Imé:l%:\m Chaml;;e;m Exchanger 99.5 .ﬁﬁ
E_ % 99.65% meas. //..
s = N——
oo Y 7.4kW/dm3 P Imeas.|
§ reheater JL
3 - ‘m —r 98.5 \@E
rYyvyy 1 98.5
0 5 10 15 20 25 30 35
m No out of the box meas. device exists for MV/MF systems Power [kW]

ETH:zlurich
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» DC-DC Stage: Waveforms

m Phase-shift modulation scheme V¥ Measurements
e ZVS with mag. current 4 . 500
. . — LV .
* Active mag. current sharing (LV vs. MV) z 2 iy 250 &
* 48kHz switching frequency R wy A U
 Constant ZVS current / quasi-ZCS 2 -2 250 2
-4 500
4 T T T 500
— ~—(
V¥ Topology = 2t 0 { ']; {250 =
O?IDkVSiC 12KV SiC ° & Or \ X ' 0 8
’::’: SDIJ..F MV Transformer c SLJ'* S;Jn— _ 2 af Loyt I| 1-250 2
ic B Iy L, i iy a B les ”v—-— \ A 7'| P
5 C _ i AC, ) -4 : i L . ! -500
& ‘% ; 5J Gl g 15 120
[=] = | = — 5
= ; AC, = 7.5t 160 =
C'l + . E = I / =
- S & Sl & Sy & E 0 Vi 0 g
lc2 O-7.5¢ 1-60 ©
o S—r’ —_— ©
HB, HB, =~ -15 | | | ; . -120
-15 -10 -5 0 5 10 15
Time [ps]

m Full-load measurement (25kW @ 7kV DC) - load-independent ZVS (!)

o [Rothmund, IEEE JESTPE, 2018]
ETH:zlrich
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» DC-DC Stage: Efficiency

m 99.0% efficiency @ 100% load

* 99.0% efficiency @ 50% load * 99.0%
e LV-MOSFETs (1200V) causing substantial losses 3
* Efficiency improvement possible with 900V or 650V SiC %k 3.8 kW/dm

m 3.8kW/dm3 (box volume)

V Loss Distribution V Efficiency
300 : : : : : 100 : : :
99.5}
250F
99.0} . - .
DC/DC 99.0 %
o0l 985}
3 °\: 98.0}
§ 150 LV MOSFETs ::: 97.5
7 8
3 MV MOSFETs = 97.0¢
100F . H 96.5
sl | 96.0
Qesonant 95.5|
10 15 20 9505 5 [0 15 20 25 30
Power [kW]

Power [kW]

L [Rothmund, IEEE JESTPE, 2018]
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Conclusion & Outlook

10kV SiC for SSTs
Future Research Areas
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» Si Multi-Cell vs. SiC Single Stage

Input 2.4kV AC 3.8kV AC
Output 54V DC 400V DC
Power 25kW 25kW

Cells 5X 1x
Technology LV Si HV SiC
Semiconductors  100x 10x
Transformer 10x 1x

Density 0.4-0.8 kW/dm3 1.8 kW/dm?3
Efficiency 96.0% 98.1%

m LV Si / multi-cell: state of the art & still competitive
m HV SiC / single-cell: simpler structure, compact, efficient

ETH:zlurich

69/71

V¥V Benchmark: Efficiency

Total efficiency

Fuji Electric SST

efficiency

99.1%

98.1%

Target

Yo 5 10 15 20
Power [kW]

25 30

[Kashihara, APEC, 2017] [Rothmund, IEEE JESTPE, 2018]
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» Conclusion & Outlook

V¥ 10kV SiC-based SST

m HV SiC FETs (6.5..15kV)
e Low conduction losses
* Low ZVS switching losses
e 7VSis not loss-free
m MF transformer
* Optimal frequency is not infinity
* Design space diversity
e Electrical insulation at MF is critical

m HV SiC allows simpler converter structure ¥ 40KV FCC Half-Bridge
m HV SiC allows extreme efficiency / volume HY mid-poin

terminal (g HV dc

m Industrialization of HV SiC technology
* Reliability / availability
* Protection (short-circuit, lightning)
m Toward higher voltages (30..60kV)
* Modular structures
* Series connection

Control board

10 kV SiC MOSFETs
(upper HB arm)

10 kV SiC MOSFETs

: Isolated gate mzurf'Ch

driver with
overcurrent protection

(lower HB arm)

vk ECCE ASIA 2019
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Thank You!

Questions?
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