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Challenges

Efficiency

Typ. loss breakdown of an electric drive system
(800 V, 300 kW, 2-level hard switching inverter)

Low losses in power electronics must not come
at the expense of system-level problems!

m Low total harmonic distortion (THD)

m Avoidance of high voltage transients (dv/dt)

m No electromagnetic interference (EMI)

m No compromise on power system stability B Machine losses (fundamental frequency)
B Inverter conduction losses
B Inverter control and DC-link losses

) "M Machine losses (PWM harmonlcs(THD)) T
T W Inverter switching losses /

ca.50%
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Challenges

Power Density

HV Buck/Boost Converter / Drive Inverter Roadmap
(power core - excluding housing, power cables and connectors)
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»Moore's Law« in Power Electronics
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Gravimetric Power Density

Keys to High Gravimetric Power Density

Typical weight distribution of a traction
inverter's power core

m Semiconductors-instead-of-passives (excluding housing and connectors)
m Smart circuit topologies Control electronics and Semiconductors
Gate driver

m System integration

Passives

Cooling

Single-wheel axle drive with
~ “integratéd inverters

System integration
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Gravimetric Power Density

Semiconductors instead of Passives and Cooling

Example: ARCP soft switching , SICMOSFET Ending the Trade-Off Between Switching
HV4—e - . Hy = S50 ‘ Losses and EMI
JE JE JE 100 >99,5% . 100 o . o
auxiliary circuit 4+ 1 Uns3 m 50% less losses with ARCP soft-switching
T e | HS3| motor .
Unv/2 | == : ac, o m Above 99,5% efficiency at twice the
ince typical inverter switching frequency
e X .
e = % reduced cooling effort
IAc 926 =
= z - % reduced motor losses
Upy/2 viLs3 a Q .
SR T S L N 2 % % reduced electromagnetic interference
JH JH JH lum 5 E No AC output filt
v, 4 [ 7] 5 ® NoAC output filter necessary
92 .
moderate du/dt Tot.- -
Unss // “““““ e ARCPZVS
P * hard SWitChing T. Lehmeier, A. Amler, Y. Zhou, and M. Méarz, “Comparative Experimental Evaluation of
7’ 90 0 a Three-Phase ARCP Inverter With a Single Shared Inductor Using SiC MOSFETs and
Urs3 i > 0 5 10 15 20 Si IGBTSs,” in Proc. IEEE APEC 2024, USA, doi: 10.1109/APEC48139.2024.10509084.
t t . ou, T. Lehmeier, M. Marz an .P.Pai," ove ree-Level Soft-Switchin
tO tl t2 tirrfz t4 ° ° ‘ Load rms Current m A I]IVZerr]teryB-;s;dhon Auﬁxill\i/lar';//I Resonc;nAt §0|Z" EéCNE Eulr-or;e 2025, dlo? {581 159?E(?CE-

Europe62795.2025.11238390.
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Gravimetric Power Density

Power Scaling in the MW-Range Example
Inverter stage with 2000 A output current
The stray inductance limit in hard-switching VSC — -
Ls J Single cell implementation
| kU, Uy 400V

Max. permissible commutation cell inductance: Lg <

k Uo Zo= =2 = =020
L tsw U, @ . 0= I, " 2000A

J Ly Necessary overall stray inductance

100 F———— 7 luDs

D P T Ls <200 pH @ tg, = 10 ns

= tsw = 100 ns ' °

R

%2

~ 10

Q

=

s 10 ns

g Ups . .

= n =20 Twenty cell implementation

o p— 1 """"""""""

B , _ Uo_400V _

g 1 ns 0= 7, T 100A

8 01 ._.J Necessary stray inductance per cell
0,1 1 10 100 | J Ls<4nH@tg, = 10ns
Switch cell ,,impedance” Z, = Uy /I, in Q JI

T for the same turn-off overvoltage
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Smart Circuit Topologies

Interleaving — a highly effective method for maximizing power density

Number of phases: n =1

Number of phases: n = 2
Al

mv
oy

B Superposition of partial inverter currents reduces the RMS load on the capacitors at both terminals.

B The high resulting fundamental frequency at the filter components (= n X f;) reduces EMI filter size and cost.

B A moderate switching frequency for each inverter cell ensures high efficiency.

B Phase shedding (partial load deactivation of individual phases) enables the optimization of part-load efficiency.

B The total chip area of power semiconductors remains unchanged, while the overall size of the passives shrinks significantly!
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Smart Circuit Topologies

=AU

Interleaved Power-Electronics-Building-Blocks (PEBB)

/ n=10
/4 = |V
/
| 1/ _ Pure sine-wave
vl
J H w - AC output
= A [7
%
| | [/ 2MHz1000 A
A1 1%
200 kHz, 100 A

m Maximum scalability and modularity (LEGO™-like)
m Redundancy

m Simplified service and maintenance

High voltage, high power application Low voltage, high current application

VRM
Interleaved buck | = 5 Interleaved buck

250 kW DC/DC converter
for interfacing a fuel cell

converters i converters

NVIDIA H100

H Core voltage: ~0.7... 09V
B Supply current: ~ 900 A

B Number of phases: n = 20...40
Award 2020 . . .
Future KI chips (NVIDIA Rubin, Rubin Ultra, etc.)
B Voltage: 850 V (max.); current: 400 A (max.) B Supply current: > 2.500 A

B Power density: 80 kW /dm?

B Number of VRM phases: n = 64...256 +
B Number of phases: n=6

m Intel Power Cell: 320 (!) phases on a single chip VRM
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System Integration - Smart Packaging and Cooling

LiCIUid-COOle Power Blades R R aenam TR AT

19 DE 10 2007 005 233 B4 2021.09.16

02 Patentschrift

(21) Aktenzeichen: 10 2007 005 233.4 BNIntCl: Hoi1l 23/44 (2006.01)
(22) Anmeldetag: 30.01.2007 HOTL 2304 (2006.01)

Enabling Lightweight & Ultra-Compact PEBBs
m Direct, immersive double-sided cooling P e

Innerhalb von neun Monaten nach VerGffentichung der Patenterteilung kann nach § 59 Patentgesetz gegen das Patent - -
Einspruch erhoben werden. Der Einspruch ist schriftlich zu erkiren und zu begrunden. Innerhalb der Einspruchsfrist ist ,_,;’-: b 5\\

m Minimal material mix minimizes thermomechanical stress s e wsee bR fi s _ ] e

. (73) Patentinhaber: (56) Ermittelter Stand der Technik:
Fi G zur Fo der

J DE 4001554 A1

m Hermetically sealed o S 0 | 22 gns
us 2005/0146027 A1
(74) Vertreter: N wo 2004/ 008 618 A2

Pfenning, Meinig & Parmer mbB Patentanwiilte, JP S52.75180 A

10719 Berlin, DE P 2005-057 212 A

Jp 2006-073 663 A

(72) Erfinder. _ Jp 2007-012685 A

Miirz, Martin, Dr.-Ing., 90491 Niimberg, DE; Jp HO4-208 557 A

Schimanek, Emst, 90491 Numberg, DE JP 2006-073658 A

& ldeal prerequisites for cryogenic cooling with LN2 R

(57) Hauptanspruch: Leistungsmodul mit mindestens einem
Halbleiterchip, der auf einer ersten Schichtanordnung aus ei-
nem keramischen Tr3 at (4) und Substr i

rungen angeordnet ist, und mit nach aulen gefuhrten elek-
trischen Anschilissen, wobei der auf der ersten Schichtan-

. .

Gefordert durch Under development for cryo within the e SR
N und r_|acn aulen abd\mtend__em Mmena\_ (8, 10, 2, 60, 90)

project S, Gt i i Sofen it rch o goRiren A

schliissen mit einem Kiihimedium koppelbar ist, wobei der

mindestens eine Halbleiterchip von einer zweiten Schichtan-

% Bundesministerium
fur WI rtschaft ordnung aus einem keramischen Tragersubstrat (5) und ei-
ner Substratmetallisierung abgedeckt ist, so dass der min-
UI'Id Energle ryo a destens eine Halbleiterchip zwischen der ersten und der

Zweiten Sck ing sandwichartig ar ist und
«die von der auleren Substratmetallisierung jeder Schichtan- 3o
ordnung gebildeten Auenfiachen der Schichtanordnungen
mit dem Kihimedium koppelbar sind, wobel die von den
Aukeren Substratmetallisierungen gebildeten AuRenflachen
iber die Fldchen des Tragersubstrats liberstehen, verformt

31;23};1;3;15 :ti::ls;f;il:lsﬁsiss Highly Reliable Cryogenically Cooled Gallium Nitride s mteracerer e e eonde o L
& (GaN) Based Integrated Power Circuit (IC) for Electric T unafnden B3 (30 Soecisop enien e

Foérderkennzeichen 20M2440A . . i
Aircraft Drivetrains
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Smart Circuit Topologies

Volt-seconds Kill Gravimetric Power Density!

jgg How to defeat volt-seconds:
B Gravimetric energy density in mJ/g
0 B Weight per 10 uF @400V in g Increase the number of voltage levels a/o the
120 switching frequency
100
80 ] ] ] .
60 by using smarter circuit topologies:
40
20 l - ‘ 0.6 0.06 m N-Level topologies (Flying Capacitor, etc.)
0 A A . .
S s & o A . m Soft switching (ARCP, TCM, etc.)
& & S @VQ 5 oéo "
& & & o C & -
K & §°o« Q\&@
N v J | S —
Capacitor Inductor
(400 V) (Al = 200 A, f = 200 kHz)

Y. Zhou, T. Lehmeier and M. Méarz, "Four-Level TCM-Operated Inverter With Full Soft-Switching Capability Using a Hybrid Si+SiC
i . . Configuration," in IEEE Transactions on Power Electronics, vol. 41, no. 4, April 2026, doi: 10.1109/TPEL.2025.3632194.
Avoid to store energy iIn mag netics! & S. Biittner, M. Mérz, “Loss Characterization of Soft Magnetic Core Materials from Room to Cryogenic Temperatures: A
Comparative Study for Cryogenic Power Electronic Applications”. Electronics, 2026, doi: 10.3390/electronics15040872.
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Gravimetric Power Density

HV Buck/Boost Converter / Drive Inverter Roadmap
(power core - excluding housing, power cables and connectors)

1000 | ; 500 Power-core power densities beyond 150 kW/kg

Sima"tdrc“i”°p°l°g"lfs R — E—— are now within reach — but they demand bold
—— assive limi
steps rather than incremental optimizations:

$iC/GaN FET e
/ 50

= Si/SiC limit

—
S
()

m Smart topologies (> 500 kHz, multi-level, etc.)

m Air-core inductors instead of magnetic cores
m Active (hybrid) EMI filters
m Aluminum instead of Cu for windings and busbars

Power density in KW /L
=
ﬂ
X
Power density in KW /kg

i% Fraunhofer [ISB benchmark designs %

| | | | ‘ m Crogenic cooling
2000 2005 2010 2015 2020 2025 2030

Year
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