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——  1:1-DCX Applications ——

Renewable Energy
Future Traction Vehicles
More Electric Ships
More Electric Aircraft

E’HZU! ICh EBECCE .= —



“1C I Power Electronic Systems 2/26
I = Laboratory /

1:1-DCX Applications 1/2

— MVDC Collector Grids of Large PV Plants — Galv. Isol. of Sections / Local Grounding / Protection
— Isolation of Cascaded H-Bridge AC/DC Modules

HV AC Grid
a :
A ; . . E AL
yacord 30 +3
: 35, i ACDC
T - ¢ Converter
§ (Cascaded
‘ clAac AC Structure) AC
DC DC DC
|
MVDC
| |
DC DC SRC DC DC SRC
DC D | 1-DEXs DC be | 1:n-DCXs
1 1 MVDC I 1 ] l l I LVDC
DC D DC DC

5ol e o é
. m : L
0w 00 [ -

» 1:n-DCX or 1:1-DCX as Intelligent Isolated DC/DC Interface
» Demand for High-Efficiency / Low Weight / Ease of Manufacturing
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1:1-DCX Applications 2/2

— Shore-to-Ship Power Transfer & On-Board MVDC Power Distribution of Future Ships
— Distributed Propulsion Aircraft

Arr:g)rof :\'\ Gas turbines
m [ ;
ators : th rators
@ Generators @ driven Fanf\‘w gene
L
3 3 Ny
AC AC ) 3

DEJ e DC

1 . . 1
/:‘} ---lr [(-oo buSeS J onn.[r ]r---

g Propulsion V Propulsion
/ fans DC fans
SRC 1:1-DCX

Secondary-
side ACT

AC AC
S0HZ3 | /D

side ACT

» DC Zonal Power Distribution System for Safety & Redundancy
» 1:1-DCX as “Intelligent Isolated Bus-Tie Switch” (i2-BTS)
» Demand for High-Efficiency / Low Weight / Ease of Manufacturing
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1:1-DCX Series Resonant Converter

— Rated Power 166 kW
— DCInput / Output 7 kv

10 kV SiC Air-Core 10 kV SiC

DC  Transformer » DC*
3skvae JgF O Lo St Co 52 35KV

lv o Ly ‘ 11 i
P 1 ! s
3.5kV =I JFj o R

DC- E I . DC—

DC-DC Converter Waveforms / SRC DCX

4 85.0
S 2 25
!
L0 0
=
E ) -42.5
-4 - : : -85.0
0 32 6.5 9.7 12.9 0 32 6.5 9.7 12.9
Time (ps) Time (ps)

» 1:1 MF Transformer
» 10kV SiC MOSFETs

» Open Loop Control
» Magnetizing Current Splitting > ZVS of All Semiconductors
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1:1 Medium Frequency
Air-Core Transformer
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1:1 MF Air-Core Transformer (ACT) Concept - 1/2

— Light-Weight Air-Core Transformer
— Air Insulation / Air Cooling

Interconnection wires

Coil 2B

Coil 1B
Equivalent circuit induc.:
Ly=Lia+ Lop

:> Ly=Lya+ Lip

Lo = Ly-Liy,
Loy =L¢Ln
Lcsl L02

Coil 1A

Fans terminal

HV terminals

» Coaxial Primary- & Secondary-Side Windings
» Cylindrical Solenoids = HF Litz Wire Conductors
» Series Connections of Coil Sets A & B > Prim. & Sec. Wdgs Symmetrical

e
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1:1 MF Air-Core Transformer (ACT) Concept - 2/2

— Pareto Optimization (Radius, Length, Winding, # of Turns, Oper. Freq., etc.)
— 7:7 kV/kV @ 15 kV Isolation
— 166 kW @ 77.4 kHz

Interconnection wires _— :
Coil 2B Aluminium shielding - ; > Set of coils B

Coil 1B

Insulation
pressboard
NOMEX®

352 mm

Coil TA
Fans terminal

HYV terminals Set of coils A Fans

» Challenges: High Electric Fields & Magnetic Stray Fields
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n-y-p-Pareto Limits (2-D FEM)

— Gravimetric Power Density

- Sim./Calc.: 99.55%, 25.9 kW/kg @
* Prototype: 99.55%, 25.7 kW/kg O

Gravimetric Power Density

Volumetric Power Density

2-D FEM Trf.:
09.55% / 25.9 kWikg

2-D FEM Trf:
15.2 kW/dm®

3
] P Buiti | 000
:ga’ ;‘;' 5 5;)“ 7.8 kW/dm?
= 257kWhkg! 993 Built Trf. +
Built Trf. + Fans + Shield.: Fans + Shield.:
00,1 99.47% / 16.9 kWikg 99.1 | 2.2 kW/dm®
5 15 25 35 45 2 6 10 14 18 22 26 30
(kW/kg) (kW/dm?)
20 40 60 80 100 120 140 160 180 200
Frequency (kHz) T T T T

— Volumetric Power Density
* Sim./Calc.: 15.2 kW/L @

* Prototype: 7.8 kW/LO
Mass Losses
Windings incl.
terminals Coil formers ~ Wwindings
(4.35 kg) (085kg)  (4BW)\

—— Fans
(1.08 kg)
o > Supports
. Shielding & insulation
incl. fixture (2.71 kg)
(0.86 kg)
>:9.85kg
w ¥ =169 kW/kg

» Complete Realized Prototype: 99.43% @ 16.9 kW/kg, 2.2 kW/lTﬁ?
> Significant Share of Mech. Parts (Supports, Fixtures, Fans) & Insulation
» Volume Box Dominated by Shielding Enclosure

ETH:zurich

Fans

(48 W)
N

Shielding
(90 W)

Y886 W
7 =99.47%
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Isolation Requirements & Voltage Levels

— Rated Voltage V. =7kVDC
— Rated Insulation Volt. ;= 10 kv DC
— Poll. Deg. 2 / Insul. Gr. II 50.2 mm Creepage Distance
— Impulse Withstand Volt. 2 27.2 kVAC,
— Overvoltage Cat. III 3‘71 mm Clearance ﬁ1stance
A 40 kVac 100 : - 21
imp A — Least square fit .
20+ o Standard data 17 §
— DO160: Al cat. b=
5 5 g
= = % 60 §
Iskvde/  EE BT B 5
y,[10.6kVac o o N g 40 2
' S 8 5 2 A 2
] ) o = <]
y | 7kvde g3 S 20 S
o= OO Ogﬁsﬁ(+66 mm,= 1.78%Y,
Coordination acc. to 2 8 12 20
standard TEC 62477 Altitude (km)
» Realized Creepage 79 mm > V. =15kV DC

> Realized Clearance 66 mm > V, =40KkVA
» A1 Airborne Cat. - Pressurized Zone up to 6.2 f<m (20,500 fts) and 45 kPa (0.45 bar)
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166kW/7kV MF ACT — Construction

— Single Layer Wdg, 22 Turns / Coil, 2x Polyamide Insulation
— Isolation Distance wiso = 16.5 mm (0.95 kV/mm - 2 15.8 mm)
— 1.5 mm Nomex Pressboard Elements - Extended Creepage

- Extended -
[ Coil former (PC) creepage *—‘-,
[ Pressboard (NOMEX) distance | distance
I Copper (example) cxampl))
o Temperature sensors i % )
- Creepage disanee 1~ | /

v
i
5

resdl
B

HVterminalsT T T

N
o smar Ny
L s

Perforated coil

f T T T formers
T Air flow

Fans

cut plane

» Perforated Walls of Coil Formers - Increased Cooling Surface
» NTC and Fiber Optic Temp. Sensors > Monitoring of Temp.
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166kW/7kV MF ACT — Shielding

— Magnetic Shielding > Too Heavy (Ferrite)
— Conductive Shielding = 0.5 mm Aluminium - Incorporated into Enclosure

A 0.5 mm thick aluminium

14
N
- O~O-~O~CO~O~0~0~ 0 ~O0~0~OA
R B R R R BRI
e K CIj&OOOOOOOODOQOOOOQ biBeSe%e
K ] Sy
Sx

’ ) symmetry plane
| = |
X X

= y

» Sufficient Shielding Efficacy for Distributed Honeycomb Holes
» 30% Weight Reduction but 29% Increase of Losses in the Shield
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MV/MF ACT
Testing

Impedances
Resonances

Losses

Thermal Responses
Magnetic Stray Field
Insulation Testing

BCCE 0= —



=IC I~ Power Electronic Systems 11/26 —
I = Laboratory

MV/MF ACT — Impedance Measurements

— Impedance Analyzer
— Short- and Open-Circuit Imped. / CM Capacitance / Resonances

L ,=57.1mH Imped. | ' Lo Loy
. L = 155.64 mH Ana]yzer i . ; °
Cou pling 0.76 Agilent | " g !
_C_____________? 0
4924A Air-Core Transformer

=3

106 T T T T ]07
Ly= 103.7 uH (CM 101 8pk

210 oY g10%}
= 5 op = or
- 426 Mllz T - < - 92 i

109 [ I I I 10" [ | | | 10" | |

10° 100 10° 108 10*  10° 10 100 10° 100 10*  10° 100 10! 102 10010

Frequency (kHz)

Frequency (kHz) Frequency (kHz)

» Good Matching with 3D-Simulations (< 10% Deviation)
» Resonance Not Critical

ETH:zurich
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MV/MF ACT — Series Resonance Circuit

— Power Amplifier + Series Capacitor
— CSP 120-200 Polypropylene Film Capacitor
— Transformer Short- and Open-Circuit Operation

1
Ty Lg]
Power
Amplifier
7224 [—=
i v
I P
P L
M 77N 4
N\
, / \, Y,
‘\_v,/ \\’//
(] [ITFIE]D] imebase 0.0 ps| C3 1688 sPTrigger 154 LY
10.0 A/ 1.00 kVidw 5.00ps/div Stop 600 mA 10.0 A/div 1.00 kV/div 5.00 ps/div Stop 600 mA
0 mA off 0.00V offset 125kS 25GS/s Edge Positive 0mAoffset  0.00V offset 125kS 25GS/s Edge Positive
TELEDYNE LECROY TELEDYNE LECROY

» Open-Circuit: I, =19.9A, ., V, =2.04kV, .
> Short-Circuit: [ =19.6A,., V=093V, I, =14.6 A,

p rms’ <s

ETH:zurich
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MV/MF ACT — Winding Losses

— Challenges | l‘;
* High Absol. Val. of Losses P, =800 W S f
- Large Volume V=75dm3 i i
+ High Coil Quality Factor @ > 1000 B (b=

S T ———

— Methods E —

- Direct Meas. (Electrical) > Poor Power Factor ) il ‘vw’
* Calorimeter - Large Volume & Losses ) 4
Iy ()0\““

“’)/,)
— Different Approach Required <

* AC Resistance Meas. w/ Series Cap. Compensation
* Small Signal > “Lossless” COG Cap. Not Negligible
* Large Signal = Transient Calorimetric Method J

Ly I Cily L
_ o .. - o o Power <| .. > o
EO! In : :%) 3 Amplifier| * | Lm g E ]
.- ° 7224 ————  — =
Air-Core Transformer Air-Core Transformer

» Linearity -> Scaled Parameters Sufficient
» DCThermal Calibration of Wdgs - Open- & Short-Circuit
» NTC and Fibre Optic Temp. Sensors
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MV/MF ACT — Winding Losses (AC Resistance)

— Short- & Open-Circuit Operation
— DC Thermal Calibration
— Power Amplifier w/ Series Capacitive Compensation

DC calibration

) BRr=Trw ! i 7
= 1 —20w | Sm— — ] ] ——
5 8] 0w l ! ! \
b 1 ! | ]
g o | | |
s | LU LR
g ob 4 g_l'l_l | _%(
= ! Af=6005~ i /
0 - . - - ‘ - % i
0 200 300 400 500 600
Time (s)
AC resonance Loss curve
—_ 6 T T T T T T 45 T T
@ — T AT~ — Least square fit .
~ Iness= 14 A — P Meas. losses
%4_.. _"AtZGOUS%"" 230_ T J—
g, i | 3
E % ..........................................
ji 2F _o] 15F Pmt:as :
g —
§ 1 I “ AT Rac = Pmcas/ Ilr?cas
OO 100 200 300 400 500 600 700 0() 215 5 7.5 10
Time (s) Measured temperature difference (°C)
» Open-circuit: R, =102 mQ — 41% Deviation from 3D-FEM
» Short-circuit: R, =96 mQ2 — 31% Deviation from 3D-FEM
—> Increased R, due to Non-Ideal Twisting of Litz Wire?

ETH:zurich
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MV/MF ACT — Litz Wire Non-Ideal Twisting

— LitzWire 2000 x 71um / 020 AREPA
3 Twisting Levels
0.45F
Top-Level - 5 Bundles = pundcrr = 0.18 A
Mid-Level -10Sub-Bundles I B\ 7 /2
Strand-Level - 40 Strands 5 0001 -
S Top-level twisting
-0.45t /(2 ) 3 \ Mid-level ]
4 7 twisting
f:=80 kHz
-0.90 L L L
0 0.25T5 0.5075 0.75T5 Ts
Time
0.125 :
/lsubhundlciNn.S
‘fsuhbundlc_No.5 =0A
2x Polyamide o Strand-level: 0.063 [ 1
laycr e ‘\ . slbiBaEndss il ] 2 f,isn‘aud—bundle‘PT: 0.0125 A
e B 3 X : e e e |
\Top-level: § 0.000 % = ‘%m‘:"ﬁ—‘ii
5bundles Y \ S Subbundle No.5
Mid-level: 4 ) : —5/
10 subbundles ug -0.063 I .
7)9 003, Strand-level
@e 452> twisting
-0.125 L L L
0 0.25T% 0.5075 0.75Ty Ty

Time

» Estimated Add. Losses up to 25%!
» Bundle Level - Amplitudes Deviate 23.2%, Phase-Shifts -2°+5°
» Sub-Bundle Level (No. 5) > Amplitudes Deviate 18.4%, Phase-Shifts -18°+55°

SEE ZUERST CONVERSION CONCRESS & B0 CEIII PACACAY  OLIORER 1115




16/26 —

S1C I Power Electronic Systems
I = Laboratory

MV/MF ACT — Shielding Losses

— Relative Losses = AC Resistance Measured in Short-Circuit

+ Small Signal = Winding + COG Capacitors + Shielding
+ Small Signal - Winding + COG Capacitors
+ Large Signal 2 Winding

Aluminium shielding Set of coils B

mped. | SORTE e aoEH
Analyzer . éer_] : , el oo  ! i g —

pressboard

Agilent |

4924A | Air-Core Transformer £ NOMEX-
ri Leg Ley

Power ' .. !

Amplifier| | Lm E

7224 p——=FT T

Air-Core Transformer

Sct of coils A Fans

» Shielding Increases AC Resistance by 112%
» Shielding Losses: 90 W (10% Overall)
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MV/MF ACT — Thermal Response

— Prim. & Sec. Windings in Series with DC Current Source
— DC Current to Inject the Required Losses

* Nominal Losses w/ Nominal Cooling * Passive Cooling w/ Max. Allowable Load
120 . 120
— T
— 1
—1T1;
95+ : 14

el
N

Temperature ("C)
3
S
Temperature (°C)
~]
S

S
N

Pioss =809 W T Pioss =418 W
Pran=50.6 W ot = O O Pan=0W
30 40 20 30 40 50 60 70 80 90 100 110 120 0 12 24 36 48
Time (min) Temperature (°C) Time (min)

Aat,,,=25°C/ 1., = 130°C (Polyamide)

» Hot-Spot of 103°C > AT = 27°C Increase Rel. to Ambient
» Passive Cooling > 117 kW (71% Rated Power)
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MV/MF ACT — Magnetic Field Measurement

— Custom-Built Field Probe # of Turns 50
Design Freq. 80 kHz
Sensitivity 0.75mV / uT
Wire Diam. 0.23 mm

M?? Poly};:(ir(li):nate Glass fiber
protric r threaded rod b=
(x-axis mover) (y-axis mover) . % 8
.. e (z-axis mover) g o ?
N 2
12 _Je
=)
g =
2 a
s 8
[SI)
------- 2 € —®200 mm: z,
___________ S =
= 3 :
- % @30 mm: z,

Support structure
from non-conductive
profiles

g _— Wooden table

K
y

Groove for windings

» Precise Positioning of the Probe — D =20 mm

ETH:zurich
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MV/MF ACT — Verification of FEM Field Calculations

— Example for Open-Circuit Operation Magnetic flux density ()

— Norm. to 1 A,/ rms Mag. Flux Density — L S

. 20
® Meas. — 30 mm @ Meas. — 30 mm @ Meas. — 30 mm
m Sim. ° — 200 mm m Sim. — 200 mm m Sim. — 200 mm
olst . \ 500mm § -~ 15 ols
= ] = 2
z e (] z 3 2
210 Z 10 Z 10
L L 0
o =1 =
E * ' E
[T | | | I I T 5 ]
)
r * ® L
| (] ® ® ]
0° ® -8 o - ‘ . 0 ®
1 2 3 4 5 6 7 10 11 8 9
Observation point Observation point Observation point

» Avg. Absolute Rel. Error: 15.2% (Open-Circuit) / 26.8% (Short-Circuit)
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MV/MF ACT — Stray Field (ICNIRP 2010)

— Stray Field for Open- & Short-Circuit Operation
— Results Scaled to Nom. Operation / rms Mag. Flux Density

|® Unshiclded. O Shiclded. | [— 30mm — 200 mm 500 mm| [ICNIRP 2010: --- Oceup. - Public |
Open circuit
1000 1000 1000
L
® ® 9 ®
= * e o c
2100 kommmmmme e o--l-- - L e e e et e [ L e e e et
= ? =z ¢ ® . 3 =
= o o Z ® Z
2 pror Tt O Resiond B s R e S T e S e St S i
£ 10 ? £ 10 5 ? 2] 50
z z 0545 IO S
1
1 1 1 |
1 2 3 4 5 6 7 8 9 1011 1 2 3 4 5 6 7 8 9 1011 1 2 3 4 5 6 7
Short circuit
1000 1000 1000
e %o 3
¢ ®
= o] [ ey ® -
=100 2 2100929 > ® | Z 00
> ® 8 fe) 2 ® >
£ o £ £
A G« B« IS S (S S —— £ PSP G S, N o o-l z N SN WU S S S
2 < 00 o o0 2 |
Z 10 Z 10 210
[ ™ =
1 | |
1 2 3 4 5 6 7 8 9 1011 1 2 3 4 5 6 7 & 9 10 11 1 2 3 4 5 6 7

» Occupational & Public Exposure* @ 200 mm
» Occupational Exposure* @ 30 mm\/ *based on Spatial Avg. Field

SEE SUERST CONVERSION CONCRESS § E°R | IOBER 1115
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MV/MF ACT — Insulation Testing

— DM Insulation (Prim.-Sec.) DC Resistance >100 GQ

— DM Insulation Tests +9.6 kVpc, -9.6 kVp
6.36 kV, @ 50Hz

— Summary of ACT Analysis

- Considered to Withstand the Rated Voltages
- Small and Large Signal Validation

- Evaluation of Losses

- Thermal Feasibility

- Stray Magnetic Field Compliance

? Partial Load Efficiency of the ACT
? Performance of the Overall 1:1-DCX System

E’HZU! ICh EBECCE .= —
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SRC 1:1-DCX

Performance
10 kV SiC Air-Core 10 kV SiC
DC+ oe—q Transformer DC+

35kV == Jt
T

" == 3.5kV

35kV =I J'“:, §
DC-

ETH:zurich

DJ'“:! % =‘I 3.5kv

DC-
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1:1-DCX Components

— 10 kV SiC MOSFETS Ry, ,, 550 mQ @ T=125°C

— Trans. Calorimetric Soft-Switching Loss Measurements
— Capacitors: Volume & Mass Models
— Cooling Syst.: Volume & Mass Models

Diode chip

Source terminal

0.40 SOft—SWltCll'llng los|ses

0.35} Rﬂff= 102 |
8kV

0.30¢ .
/‘ =0.25} 7kV

(77 — L ]
4 2020 6kV

base-plate
(drain terminal)

y 30,15 m

‘ 0.10} ————//M//

SiC 10kv 7 : 0.05} 4kV -
MOSFETs N , , . | .

) 4 % 25 5 75 10 125 15

Current [A]

» Converter Components Included in Pareto-Optimization

ETH:zurich
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Meas. / Estimated ACT & SRC 1:1-DCX Performance

— ACT Measured Performance
* Output Power 166 kW

- Efficiency 99.5%
% Meas. | ACT cooling: passive forced 99.70

* Dimensions 35x35x60 cm 1200{ o <; : . —r
* Weight 9.9 kg e W*/ el
- Power Density  16.9 kW/kg 1000F » | ; - , ;’ 199.25
2.2 kW/L x
99:0%

SRC DCX | 198.80

Losses (W)
l*n
=
(=
O
o
(9'S)
wn
Efficiency (%)

1 98.90

— SRC 1:1-DCX Calc. Performance

* Output Power 166 kW 200¢ -.-*:: 1974
° Efﬁdency 99.00/0 0 an "* 97.00
0 25 50 75 100 125 150 /175 200
Power (kW) S

» Passive ACT Cooling - upto117 kW
» High ACT Partial Load Efficiency = >99.4% for P, = [20%, 100%] P,

E’HZU! ICh EBECCE .= —
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Comparison w/
Magnetic Core Transformer

N B N
N ‘\\\\k\
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1:1 MF Magnetic-Core Transformer (MCT)

— OQutput Power 166 kW
— Prim./Sec. Volt.  7kV

— Efficiency 99.64%
— Weight 23.4 kg Windi
— Power Density 7.1 kW/kg (5.4 kW/l) Cores ~'Inding

Fans package

290 mm

* Dry-Type Insulation
* 6 Parallel E-Cores (2x C-Cores) / Ferrite 3C94
* 17 Turns, 2 Layers, Litz Wire 5400 x 71um

- Comparison to ACT

E’HZU! ICh EBECCE .= —
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ACT/MCT n-y-p-Pareto Comparison

— Volumetric & Gravimetric Power Density

— Efficiency

Gravimetric Power Density of the Transformers

Efficiency (%)

515 25
Gravimetric Power Density (kW/kg)

20 40 60
Frequency (ki17)

9
v

45

99.9

99.7

99.5

99.3

99.1

99.9 99.9
~ 99.7 - 1 997
3 l ' § |
>
g 995 O‘*“——"_! Box |
& volume
H
BT & 993 w/ shielding | Wlth
k l & cooling cooling
09.1 system system
5 15 25 35 45 2 6 10 14 18 22 26 30
Volumetric Power Density (kW/dm?)
80 100 120 140 160

99.43% @ 16.9 kW/kg
99.63% @ 7.1kW/kg

25/26 —

Volumetric Power Density of the Transformers

(54

Box volume

L2559
:
4

1
2 6 10 14 18 22 26 30

180 200
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Conclusions
. DC+ 10 kV 8iC TP'«ir_-fC ore 10 kV SiC DC+
— 1:1-DCX Series Resonant Converter vl Brciie e J:I .
- Full Soft-Switching I il
* 99.0% Overall Efficiency @ 166 kW sskves g T J“ m .
S i P T e
— 1:1 MF Air-Core Transformer e 5
- 7:7 kV/kV @ 15 kV Isolation Soft-Switching i S
* 99.4% Overall Efficiency @ 166 kW (77 kHz) e
+ 16.9 kW/kg / 2.2 kW/L gl
* Fulfills Stray Field Limits (ICNIRP 2010) U ;

* A1 Airborne Cat. / Press. Zone (D0160 G 2014)

— High Part-Load Efficiency

— Red. of Weight by Factor of >2 Comp. to MCT (!)
— Simpler Construction — Air Insul. & Air Cooling
— Volume Dominated by the Shielding

— Rel. High Coupling (0.76) for 15 kV Isolation
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