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Digital Transformation

m Internet of Things (IoT) / Cognitive Computing

— Ubiquitous Computing / BIG DATA

— Fully Automated Manufacturing / Industry 4.0
— Autonomous Cars

— Etc.
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- Moving from Hub-Based

to Community Concept Increases
Potential Network Value
Exponentially (~n(n-1g or

~n log(n) )
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» Metcalfe's Law
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SST-Based Datacenter 400V DC Distribution System

m Reduces Losses & Footprint
m Improves Reliability & Power Quality

— Conventional

Aldridge et. al. 2007
m Direct 1-® 3.8kV AC - 400V DC Conversion / Unidirectional SST
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$ = 25kw SwiSS-Transformer

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

10kV SiC H-Bridge

%lOkV SiC ’13
L, L, oJ: oJ.'I

10kV s.c 2kV SiC
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iTCM Network 10kV Half-Bridge MF Transf. 1.2kV H-Bridge

» 35...75kHz iTCM Input Stage » 48kHz DC-Transformer Output Stage
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10kV SiC MOSFET
Soft-Switching Losses

————  Transient Calorimetric Measurement ———
Measurement Results
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Trans. Calorimetric Measurement

m Functional Principle

— DUT on Therm. Isolated Brass Block

10KV SiC Thermal
— Temp. Gradient Indicates Total Power Loss module S8  insulation
— Add. Switch S, for Separation of Cond. & Sw. Losses 3 /

— Measurement with S, Switching & Cont. Turn-On Cr

s()
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» Measurement of Cond. Losses Mandatory as Ry ,, Depends on Drain Current
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Trans. Calorimetric Measurement

m Functional Principle

— DUT on Therm. Isolated Brass Block

— Temp. Gradient Indicates Total Power Loss

— Add. Switch S, for Separation of Cond. & Sw. Losses _ , ,
— Measurement with S, Switching & Cont. Turn-On ‘ SateDEve it

s(t)

S, Permanently On

So Permanently On

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

» Measurement of Cond. Losses Mandatory as Ry ., Depends on Drain Current
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10kV SiC MOSFET Sw. Losses

m Hard-Switching vs. Soft-Switching

~ Diode chip

Gate terminal
Source terminal

— Significant Hard Sw. Losses
— 30-Times Lower Soft-Sw. Losses / lower du/d¢ MOSFET chip
— Soft-Sw. Losses Still in Range of Cond. Loss @ 50kHz .

base-plate
(drain terminal)

* Hard-Switching Losses ' * Soft-switching losses

25 0.25
Rin =200 79KV/jis, 493 A/ps Ryr=109 e
20 Ry=10Q v S 0.20 57kV/ps |
29KkV/us J —
85kV/us y 6kV
15t \ 6KV 5 0.15 “k‘:/is__/ —
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E s Skve 5KV
10} 1 St -
/4kV'/ 3 sV
— //
St /3 KV ] p 0.05
/2 3% e
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» Losses Strongly Dependent on DC-Link Voltage / Less Dependent on Current
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Highly-Compact
Isolated Gate Drive

Isolated Power Supply
_ Ultra-Fast Overcurrent Protection @———
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Future All-in-One SiC Module

m Integrated Approach

— Integrated Isol. Signal Transmission
— Integrated Isol. Power Supply

— Integrated Driver Stage

— Integrated Overcurrent Protection
— Isolated Cooling Pad

oD
- 3 All in one 10kV SiC module
' 10kV
+20 V(iso) SiC 882 g
o R —4 8
Diode chip > DC Driver offt N—j )
) o Stage 4 £
5 DC R <4 E
Gate terminal _ % 5V(iso) OCP P b=
Source terminal — = SO T Source (0V) Loss g’
MOSFET chip o ¥ | Gate sig. | E
Non-insulated / ® fiber ig
base-plate i\ i
(drain terminal) GND .. Switch-node
potential | potential oS

» Large Dimensions of State-of-the-Art Isolation Transformers
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Highly-Compact Isolated Power Supply

m Two Core Halves Separated by Isol. Material

— Each Core on Potential of Associated Wdg
— Potted in Silicone

— 2.6pF Coupling Cap.

— Series-Resonant DC/DC Converter

Spacer
\ ndin 5 +20V (iso) }C -5 V(iso)
4F  §
>
g
S = J & 7
=< — +L + |+ l: = I
3 | T = [ FT |
3 2 3
‘ ; X = =
2 _— GND_! _ Switched .
Spacer Inte grgt ed potential i~ potential ¢
1 Circuit (IC) High-side source

» Isolation Testing: 20kVDC for 1 Hour -- 7kV / 50...200kHz for > 50 Hours
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Highly-Compact Isolated Power Supply

m Two Core Halves Separated by Isol. Material

— Each Core on Potential of Associated Wdg
— Potted in Silicone

— 2.6pF Coupling Cap.

— Series-Resonant DC/DC Converter

-s 6 N ) S ;
pacer % )’ >4

Core V/Vindin\g 5 ¢! 5 4 L .\ b
P, o &, iber
EN & 2 ; optics
4 E .
g g 10kV SiC
S > module
: 2
3R Insulation
capacitor Overcurrent o)/ — transformer
) ’\« protection /
/ Driver stage
1 Current Power supply &

transformer Silicone tube i

» Isolation Testing: 20kVDC for 1 Hour -- 7kV / 50...200kHz for > 50 Hours
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Ultra-Fast Overcurrent Protection
m Testing for Hard Sw. Fault & Flashover @ 7kVDC

— Current Transformer for Overcurrent Detection
— 22ns Delay from 30A Curr. Limit Crossing to Gate Voltage Reaction

8 T T ] T T T T T - 50
uf
Z DS,V OCT=25A .
Z Z 25 %,
- =
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i ————————]V" Fault,7kV—"1
-10 o e f=220s | |
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Time [ns]

» Hard Sw. - 50A Max. Curr. / 200ns for Turn-On of Low-Side Switch @ High-Side ON
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Ultra-Fast Overcurrent Protection

m Testing for Hard Sw. Fault & Flashover @ 7kVDC

— Current Transformer for Overcurrent Detection
— 22ns Delay from 30A Curr. Limit Crossing to Gate Voltage Reaction

10 400
Z st 1200 <
& =
g =
s 0 "o

5 -200

200

Ugs Bn-state;
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» Flashover (Gas Discharge Tube) - du/dt=1.2 MV/us - Switching 7.2kV in 6.0 ns (!)
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3.8kV2>7kV
ZVS AC/DC Converter
iTCM Operation
—_— EMI Filter / Cable Resonances —
Efficiency Measurement
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iTCM - integrated Triang. Current Mode

m Full-Bridge iTCM Operation Enables ZVS

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

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

— No Large Ripple Input Current

Current [A]

/\/ 10KV SiC_ | °
SJ Sl :

A b —_— 0
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/ CT

uAB

.f;\v l [ I

/ B = 60} .
— —4

> S Elusv Syl Z 40} p s .
O g\‘" 20 ‘ fr‘nin -

0 ) i .
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Time [ms]
» Smooth Zero-Crossing of the Grid Current
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iTCM - integrated Triang. Current Mode

m Full-Bridge iTCM Operation Enables ZVS

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

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

— No Large Ripple Input Current

/\/ ngow SiC J} ° _
L \L Syl :
ig-c_Ef-iLg_. : Ly . O
:'"’l f uns| Alip Iy -C | == 8
Ry // bT 5 pCl- D
e ¢ 3 /S'sJEjluSN Syl &
O

» Smooth Zero-Crossing of the Grid Current
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iTCM - integrated Triang. Current Mode

m Full-Bridge iTCM Operation Enables ZVS

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

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

— No Large Ripple Input Current

Y% 3.3kW/dm3

10kV SiC H-Bridge
/TN

_BIOkVSiC J}
Lr L oJ: oJ:

~— - -
.H“yg G el -
= N

Rd CbT
STerRe ok e ok

|+

— 7kV DC

N—
iTCM Network

transformer

» Smooth Zero-Crossing of the Grid Current
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iTCM - integrated Triang. Current Mode

m Full-Bridge iTCM Operation Enables ZVS

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

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

— No Large Ripple Input Current

S
24,
()
s
G
10kV SiC H-Bridge g
Ny
10kV SiC |
L L, % J:j =
] L
ly Cr_L s -LL-b:L E §
="'l FRER — 7kvDC O
Ry ST )
N
- = e
LCL Filter J:jl"srq J:3 E
o 5
Ne——— =
iTCM Network 3 -15r
Q
-300 P 4 6 8 10 12 14 16 1820
Time [ms]

» Full-Load Measurement (25kW @ 3.8kVrms AC, 7kV DC) - ZVS Over Full AC Cycle (!)
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EMI Input Filter

m LCL-Filter & Damping of Supply Cable Resonances

— IEEE 519 and BDEW Harmonic Standards

— No Standards Above 9kHz - Extension of IEEE 519 to Higher Frequ.
— Design for Mains Current THD < 1%

— Low Losses of Damping Branch

iTCM grid current spectrun
— T — T T

102 L L
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: s g
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Frequency [Hz]

» iTCM Grid Current Spectrum

ETH:zurich pﬁ;ﬁmms ociery —




=IC I Power Electronic Systems 18/29 —
I" = Laboratory /

EMI Input Filter

m LCL-Filter & Damping of Supply Cable Resonances

— IEEE 519 and BDEW Harmonic Standards

— No Standards Above 9kHz - Extension of IEEE 519 to Higher Frequ.
— Design for Mains Current THD < 1%

— Low Losses of Damping Branch
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i, F== Cable &
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» Undamped Operation
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EMI Input Filter

m LCL-Filter & Damping of Supply Cable Resonances

— IEEE 519 and BDEW Harmonic Standards

— No Standards Above 9kHz - Extension of IEEE 519 to Higher Frequ.
— Design for Mains Current THD < 1%

— Low Losses of Damping Branch
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0
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» Operation with Damping Branch - Clean Grid Current
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Efficiency & Loss Distribution

m 99.1% Efficiency @ 25kW

— Low Sw. Losses Despite 35...75kHz Sw. Frequency
— Efficiency >98.75% Above 50% Rated Power

250 T T T T T 99.5
99.0 -
200} 0
HF MOSFETs 98.5 F
S 150 X
P B 98.0 F
@ L, 5
= 100 b=
m
975}
50+
97.0
Filter
Damping
% 5 10 15 20 25 30 963 s 10 s 20 Y 30
Power [kW] Power [kW]
» Loss Distribution » Efficiency
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7kV 2 400V ZVS
Isolated DC/DC Converter

MV-Side 10kV SiC Half-Bridge
LV-Side 1.2kV SiC Full-Bridge
MF-Transformer
Waveforms & Efficiency
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10kV SiC-Based DC/DC Converter

m MV-Side Half-Bridge

— 48kHz Sw. Frequency, ZVS
— Cooling of Power Semicond. by Floating Heatsinks (Not Shown)

— Creepage Distances Ensured by PCB Slots

¢ [10KVSic 12KV SiC °
1| + S;l: " MV Transformer - SL'.I: Sld: ‘
ic) iy Lo [ i fes
- , AC,
i > | Yomiime " Gl+ |z
3 RIS N | P = |5
S i AC, S
A P R N N
= Sfa% Sk Sy &
Ic2
"HVBT Tlvé; T capacitor

).

Current
transformer

» Half-Bridge for Cutting Voltage in Half / Lower Switch Count

;" |

10kV SiC
module

Insulation
transformer

Power supply / . 3

Silicone tube i
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Half-bridge 2 (HB,)

10kV SiC-Based DC/DC Converter

m LV-Side Full-Bridge ,ﬁ "

— 48kHz Sw. Frequency, ZVS N

— 3x1.2kV 25m{) MOSFETs in Parallel i n'-
poby ey o oy ey p
SEERER

— Layout Ensures Symm. Curr. Distribution

LST HST 'LS2° HS2 'LS3 HS3
Half-bridge 1 (HB,)
wen Top layer wmm Internal layer | wmm Internal layer 2 Bottom layer

AC terminals

DC-link capacitors

Gate  Fiber Current
° driver optlcs\ . Sensor .
c 10kV SiC 1.2kV SiC PCB . /DC terminals
|+ S,'J"' MV Transformer S,,lu. Sz||n- ) t[rgil;l%;?nne )
. L . L Cr 2 i
lcy Iy 22 [ i AC c3 el
> i | | 1 c _ o =
g :  LBER  : G+ |3
S . L s - |
= AC, >
G+ n=52:6
J_— Sﬁ.lgj Snzl:? Szzl:?
icy
—_— —_—— +——o°
HB, HB, -

terminals

Heat sink

» 1.2kV Technology Used Due to Low On-Resistance
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10kV SiC-Based DC/DC Converter

m MF-Transformer

— 25kW/31kVA @ 48kHz

— 15kV DM/CM Isolation

— Pareto-Optimization (# of Layers, # of Turns, E/U-Core, etc.)
— Ferrite U-Core, 71um/100um MV/LV Wdg

— 2-Chamber MV Wdg, 3 Layers

RMS Electric Field 100 70
\ —— Effective volume
‘ r " \ i including fan and
I terminations M fFici 60
- : 998} eas. efficiency
— Selected design o I~
& without fan and terminations T
t &= 0e 50 <
62/mm 2 iy . 2
Z 5996 - :
“ - =
99.4
30
99.2 20

10 5 20
Power density [kW/L]

» Challenges: High EL Fields / Heat Transfer Through Insulation Material
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10kV SiC-Based DC/DC Converter

m  MF-Transformer Construction

— LV-Wdg Inside MV-Wdg
— Precise Positioning of Wdgs Mandatory
— Ensures MV/LV-Wdg Isolation

» Challenges: Processing Silicone Under Vacuum Avoiding Voids / Curing / etc.
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10kV SiC-Based DC/DC Converter

m MF-Transformer Measurement

— Fully Tested @ 25kW / 7 kV
— Calorimetric Loss Measurement

— 99.64% Efficiency

LV terminations

Winding \ N B
package } R
\‘:s
2
\

L

MYV terminations

Grounding bar

25/29 —
150 99.8
99.64 %

120 199.6
= 90} 1994 £
2 o 5
2 Winding 'S
= 60f 1992 &
m

Core
30F 199.0
Cooling
0 98.8
0 5 10 15 20 25 30
Power [kW]

» Transformer Prototype / Loss Distribution / Efficiency
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10kV SiC-Based DC/DC Converter

m Experimental Results

— 400V > 7kV Operation @ 25kW / 48 kHz
— ZVS of ALl MOSFETs Independent of Load

500

(S =
N
n
o
]

Voltage [kV]
[
(=]
Voltage [

<’ <
= =
(5} o
E E
= =
Q- &)
ST 710 s 0 5 10 15
3 Time [ps]
% 3.8kw /dm "
g2 250 &
i)
- [1okVsic 12KV SIC ° %0 2
1| + = =
MV Transformer 3
L e sl Shx | 2 :
IU 1\1\ | v AC @« 4
| ! )
: ; RN 3‘ Gl+ |3 8
8 = i S T |8 - —_
S AC, S <4 A <
CJ_+ “a n=52:6 . . 50 0 5
2 =) =]
— SOZJ: SPJ::} Sz :3 5.4 iy -25 6
Ic2 i
o . L -50
B, HB, = S5 0 0.5 195 10 105 11 115

Time [ps] Time [ps]

» Very Robust Concerning Changes in Sw. Frequ. or Component Values
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Efficiency & Loss Distribution

m 99% Efficiency for P> 13kW

— LV-MOSFETs Causing Substantial Losses @ Higher Power
— Efficiency Improvement for Larger SiC Area

300 ! T T T 99.5

250F

99.0 + S — °

200F

150F

Losses [W]

Efficiency [%)]
o
o0
wn

100

98.0 -

Resonant i
Capacitor

97.5

15 20 5 10 15 20 25 30
Power kW] Power [kW]

» Loss Distribution » Efficiency
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— Conclusions ——
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 CEN Y 1-D 2.4k, AC - 54V DC RS Fui Elestri

m Published @ IEEE APEC 2017
m N=5 Series-Connected Cells @ MV-Side / Cost Optimum
m Module Input Stage > Boost PFC Half Contr. Thyr. Rect. / 1.2kV IGBTs & SiC Diodes
m Module Output Stage > 3-Level DC/DC Conv. - 600V SJ & 100V MOSFETs
100¢
C
Converter Cell 1 o Pt E/E_,_E——E H—g—F——+*]
In | PEC . _ _DC/DC converter _ Towt, 1 Lout 9t
— DC, | % %
o n, — Wi 5 —~97 DC/DC converter
Vin. 1 T — T | — 1\ Vout é A P A
[' ~ l__/’l’_}_”_g_ _/_J! T | .96 —o
Vin zq\l Converter Cell 2 |j' 295} Total efficiency
Pl I ! S04
. Converter Cell N Jou m
L_ ~ Voe,n ~ — el
| T 1A BIENL o
Multi-cell converter. 90

0 10 20 30 40 Loaféjo[%] 60 70 80 90 100
» Power Density Of 0.4kW/ dm3 ( 6.6W/ in3 ) Efficiency of the prototype.
» 96% Overall Efficiency @ 25kW
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Conclusions -- Overall Performance

m Full Soft-Switching
m 98.1% Overall Efficiency @ 25kW
m 1.8 kW/dm? (30W/in?) 99.5

99r

99.1%

99.0 %

98.5F

AC/DC I

Total Efficiency

Efficiency [%)]
O
~

96.5
96
95.5
95+
94'50 5 1I0 1I5 2I0 2I5 30
Power [kW]

» Red. of Losses & Volume by Factor of > 2 Comp. To Alternative Approaches (!)
» Significantly Simpler System Structure Compared to Multi-Module SST Approach
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m End

IEEE POWER
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Questions ?
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