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*  Name: Prof. Dr. Andrea Vezzini »
* Position: Professor for Industrial Electronics Linked m
* Institution: Berner Fachhochschule

Institute for Energy and Mobility Research
Quellgasse 21

2501 Biel
*  Phone: +41/(0)32 /32163 72
*  E-mail: andrea.vezzini@bfh.ch
*  URL: www.ti.bfh.ch

* Vita / Current Activities
- Professor for Industrial Electronics since 1996 at Bern University of Applied Sciences

- Head of innosuisse Flagship CircuBAT (www.circubat.ch) — circular economy model for automotive lithium batteries since 2022

- Co-founder and Member of the Board of Integrated Power Systems AG since 2009

- Co-founder and Chairman of the Board of ennos ag since 2016

- Head of the BFH Energy Storage Research Center (2014-2023)

-  Member of the Federal Energy Research Commission (CORE) (2015-2023)

- Co-founder and Chairman of the Board of drivetek ag (2002-2022)

- Deputy Head of the Swiss Competence Center for Energy Research “Mobility” 2014 - 2020

- Inventor/Co-Inventor of 8/23 patents in the field of electric motor design and lithium-ion battery technology
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* Energy efficient equipment
* 15 members (EMSA + CA, CN, FR, JP, KR, UK)

Electric Motor Systems Platform (EMSA)

Energy Efficient End-use Equipment ° H H . HR .

ntermational Eneray Anency Raise awareness, share information, initiate collaborative
projects and transfer experience to support effective policy
development for energy efficient electric motor systems

- International standards, testing, coordination

- Digitalisation and demand flexibility in motor systems
Electric Motor Systems — Motor Systems Tool, expert pool

EMSA
* 9 members (AU, AT, DK, EC, NL, NZ, SE, CH, US)
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|
WWW_|ea-4e_org/emsa Source: Roland Briiniger, 2024;eemods’24 Luzern
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EMSA: a source of reference for policy makers 45

EMSA facilitates that policy makers have:
* access to relevant, reliable, independent, first-hand information for their decisions

* access to information on expected challenges and gain awareness on the most relevant issues for
successful policy implementation

* access to best practices and tools for their national policies to speed up the market transformation for
motor systems

* a forum for discussion through the EMSA meetings of relevant issues for their national policy making,
exchanging on differences and if deemed useful on any potentials for alignment

* the support of taking up relevant standards into national legislation, which are to be developed in a way
that are suitable for this purpose.

Source: Roland Briiniger, 2024;eemods’24 Luzern
IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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International Round Robin for Variable Speed Drives F—

EMSA

Full report Summary of key findings: EMSA Policy Brief #6

Round Robin for EMSAé6

Electric Motor Systems UPDATED

EMSA

Variable Speed Drives

The 4E Electric Motor Systems Annex (EMSA) promotes the opportunities
for energy efficiency in motor systems by disseminating best practice
information worldwide. It supports the development of internationally aligned
test standards and policies to improve the energy performance of new and
existing motor systems with the aim of achieving 20% to 30% energy savings.
Variable speed drives (VSD) attached to motors adjust the power output to
meet the requirements of the end-use application and this can lead to large
energy savings. However, there are energy losses associated with VSDs
which affect their overall energy efficiency.

International Energy Agency

EMSA| ion with the i ¢ ion (IEC)
launched the project to determine whether the current energy efficiency test
methods provide accurate and repeatable results and if the level of reference
losses described in these provide a sufficient incentive to encourage greater
lovels of efficiency. The test method to determine the losses in variable speed
drives (and hence their efficiency) is described in two IEC standards'.

Energy Efficient End-use Equipment

In this EMSA organised international Round Robin, independent testing
laboratories in Australia, Denmark, Switzerland and the USA were funded by
EMSA members.

This Policy Brief summarises the key findings of the Round Robin for
converter losses.

Observations for Policy Makers
* This Round Robin ran from 2017 to 2022 and is the first publicly available independent study that has
systematically examined the efficiency of VSDs

# During the Round Robin, 8 laboratories performed a total of 172 tests on 52 different converters in the
Photo: BFH range of 0.12 kW to 55 kW according to the uniform testing protocol devised for this project.

# This protocol has proven itself by returing highly repeatable and accurate results from a broad range of
VSDs on the market and helped the IEC to eliminate ambiguities in the second revision of IEC 61800-9-2.

* The ici of i tost and the ion with |EC were crucial to the
- success of this project.
Report on Round Robin of Converter Losses o T Burapean Uion, Swiowdnd s i Uk were the st sconamies 1 adopt Winkman Evary
— Performance Standards (MEPS) for VSDs in July 2021,

Final Report of Results
= MEPS in these economies are set at the IE2 level, which is currently the highest (most efficient) class for
VSDs specified in the relevant standards.

# The Round Robin has shown that the introduction of additional IE classes could enable further differen-
tiation of VSDs, however, may not bring substantial added value in terms of energy savings. For many

Elaborated by: DTI, Denmark and BFH, Switzerland applications, energy can be saved effectively through variable speed control, reducing the losses in part
Y load operation.
November 2022 ! 192 Ecsruy S
m Further information is available here on the EMSA website: www.iea-4e.org/emsa
- Published May 2023 and by i d ik

Technology Collaboration Programme

Technology Collaboration Programme
bylea byiea
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* Elements of a motor
system are covered by
around 10 different IEC
and ISO committees.

Comeanents + EMSA initiated a project

to increase the

coordination and

Coupling/
Mechanical Eocen
Transmission

Motion

Equipment [CEVIN |\ S0

Controls

equipment

’ ) ( ‘ _c°up“ng\ (" ) alignment of energy
= Starter “ Gear e oeon * Pipes efficiency standards for
“ Transformer| | Variable » Belt, Chain c = Throttles .
= Switchgear Speed Drive & Pulley R eanveyer aValves motor driven systems.
= Clutch ;:z:::fe::; = Dampers L
sprake |~ ") Within two years (2023)
the ISO/IEC Joint
I EC Advisory Group JAG22
started.
Figure 1: Scope of IEC and ISO for motor systems * Concrete work is focusing

on the systems of fans,

More information: EMSA Policy Brief #5
motors and converters.

EEMODS Wed 14:00 Policies IV: Conrad U. Brunner & Maarten van Werkhoven
How ISO and IEC work together to design Energy Efficient Electric Motor Driven Systems

Source: Roland Briiniger, 2024;eemods’24 Luzern
IEA Technology Collaboration Programme
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Silicon Carbide (SiC) FETs advance Power Electronics
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Power electronics is everywhere, its efficiency is most relevant

Power Electronics is used in all stages in the energy flow from poduction to end use equipment
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Source: PECTA Power Electronic Conversion Technology AnnexPECTA Power Electronic Conversion Technology Annex
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B . Main Features of WBG-Technology Semiconductors | -

Traditional Si-based semiconductors are now being competed by new generation of wide bandgap
devices, typically based on GaN or SiC materials

* SiC can improve Extremely hard material
= power density new mohs hardness :13 --- Diamond (15) / Boron carbide (14)
B} .
ZnaXIml:T:V\;Oltage el . Electric Breakdown
severa : . i
Higher Voltage:x10 Field (V/cm) SiC Wafer
= switching frequency A
(up to 100kHz) Cooling: x3
= Efficiency Bandgap (eV) Thermal
. Conductivity
(by reduced conduction Higher Temp (W/cm-C)
and switching losses) Operation: x3
SiC
= Cost .of SiC !s generally S Higher Temp
2-3 times higher :x10 2 Melting  Endurance:x3
than similar Si devices. Electron Saturation HEHEGC)

Velocitv (x107cm/s)
@ 2015 ROHM Co._Ltd.

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
9 iea-4e.org
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Why silicon carbide (SiC)?

E Electric Motor Systems
EMSA

Intrinsic Material Properties

nm

Bandga
Fe (V) Energgyp 112
Critical Field
Egq (MV/icm) Breakdown 0.3 3.0
Voltage
Saturation
‘JS (x10 7cm/s) Velocity 1.0 2.2
0 em2/V.s) ﬂ‘fﬂﬁ? 1200 | 900
AW/ cmK) Cgﬁgﬂmﬂy 13 | 37

Impact on
Operation

—

High-Voltage
Operation

—

Losses

Impact on
Power Stage

Properties leading to System Benefits

Higher
Switching
Frequency

+
Smaller Filters
& Passives

Fewer Cooling
Needs

Impact on End
Equipment

System...
(1) Size,

(2) Cost, &
(3) Weight

Reduction

FORMS.1014 / Rev. 06

— Higher costs of SiC chips

— Reliability of SiC elements (gate oxide, load changes, ...)

— Problems due to higher di/dt and dv/dt, oscillations (EMI, motor windings, ...)

4

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment

www.semikron.com

iea-4e.org



http://www.semikron.com/

EMSA

Gallium-Nitride (GaN) 4;

* Extremely fast unipolar

switches Metalsggdzngrfil:oEn;ructor il
- Lowest switching losses a Eieﬁy-gffe;t Transistor HigD e M e
- Lateral element, electric field Vertical structure Lateral Structure
| hi i Almost all area works as a current path 2DEG works as a current path
only on chip top side O High Breakdown Voltage X High Breakdown Voltage

Gate insulator

— mainly 650V or less -/Gate insulator
* Lateral element requires more d H

area A i n* n* . AlGaN ~10pm
— Current rating Iimits Or |OW p p EEESNEEENEEEEEENEN] current SIENENENEEEENEEEEEN
Yield for large areas 70~ GaN N HaE
200pm Current
* Applications: RF; Low Power / n-SiC Buffer Layer
Si
* Advantage due to established
production processes for SI- Larger Current( > 100A) © Medium Current( < 20A) A

Substrate High Speed Switching ( ~ several 100kHz) O Ultra-High Speed Switching (~ several 10MHz) ©

Courtesy of ROHM
Semiconductor

IEA Technology Collaboration Programme
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11 1ed-4€.0Ig




TR . Silicon Carbide vs. Silicon | -
Fwd Output Characteristics
* Much lower on Vs compared to Si IGBTs V¢ 50
in partial load reduces on state losses 40 |
SiC MOSFET
30
* Low Q,, of embedded body diode reduces C 0
switching losses 3
. ) Generation 7 IGBT
* Use of MOS channel in reverse conduction 10
reduces A 0
0 1 2 3 4
* Much faster switching thanks to unipolar Vaer Vee

channel
Turn Off Losses

2,5
2
1,5 Generation 7 IGBT

* 2 to 3 times better thermal conductivity for
better heat spread, no hot spots

T with FWD
0,5
0 SiC MOSFET
Source: Carsten Schreiter: Webinar - Silicon Carbide in AC
Motor Drives, 13th ] 2023; Semikron-Danf
otor Drives une emikron-Danfoss 0 10 20 30 40 50 60

. Idl Ic
IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
12 iea-4e.org




Impact on high frequency switching inverters 45

EMSA

Given two high carrier frequency (20 kHz and 50 kHz) having taken all losses i.e. switching and conduction loss in
diodes and device, the efficiency of SPWM three-phase inverter with ma=0.8 and cos$=0.8 is shown on the left

* The efficiency of Si-C based inverters higher than that of Si based inverter mainly due to the lower total power losses
of Si-C components. These superior characteristics make Si-C JFET device the promising alternative to replace the
currently popular Si-IGBT.

101 59906———
S o8 —e=SICIWET| | = 0
Z 97 S IGRT P == SiC JFET
2 20.95.45 25,9558 —==751 IGB] 2 9% : :
5 g5 {15.9525 20938 S oy | 15957 20.90.01  25.90.45 )
= _ = ' Iy OF 7 _.:S"'IG‘B
E 95 Pﬁ :::, 90 _—P—# 1

94 =8

93 86

92 . 84 - . T .

15 20 25 30 15 20 25 30
Current (A) Current (A)

(a)Operating frequency: 20 kHz o
(b)Operating frequency: 50 kHz

A. . Maswood, P. L. A. Vu and M. A. Rahman, "Silicon carbide based inverters for energy efficiency," 2012 IEEE Transportation Electrification Conference and Expo (ITEC),
Dearborn, MI, USA, 2012, pp. 1-5, doi: 10.1109/ITEC.2012.6243458.

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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EMSA

¥
»
»

LSS § g Rt

Circuit Protection

Automotive IT Infrastructure

Solar Inverters * AC/DC circuit breakers

On Board Chargers Fast DC Charging * Power Factor Correction

DC-DC Converters * Wireless Charging * DC-DC Converters * Energy Storage MV circuit breakers

Wind

* SS power controllers

Traction Inverters * Industrial Chargers

Widely compatible gate drive
+/-20V, 5V Vth

SIC JFET technology offers the
lowest resistance per unit area

Widely compatible gate drive
+/-20V, S5V Vth

* Widely compatible gate drive
+/-20V, 5V Vth

Widely compatible gate drive
+/-20V, 5V Vth

SIC JFET for normally-on and SIiC FET
for normally-off applications

SIiC FET range of products are a
great choice for both 2-level
and multi-level circuits

Wide range of 650-1200V low
switching and conduction loss
products

= Line-up of 650V fast switching
FETs in through hole and
surface mount options

Wide range of low switching
loss, low conduction loss
products

= Stability in controlled turn-on/off,
linear mode and current limiting
applications

* Ultra-low Rds discretes offer
an alternative to power
modules

* Excellent choice for Totem-
Pole PFC and LLC circults

* Lowest Rds devices 650-
1200V, low RthiC (Sinter)

Lowest Rds devices 650-1200V

* Use N-on JFET as low side
“relay” that works even If gate
power s lost

* Dual gate devices drop Rds another
10-20%

Best short circuit G4

Use N-on JFET as low side
“relay” that works even if gate
power is lost

* JFET on-state Vgs is an ideal
temperature sense

Source: UnitedSiC (now QORVO); 2020

IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment iea-4e org




Y | vasupercharger cabinets | -

Tesla announces 500 kW charging as it finally delivers
V4 Supercharger cabinets

* Faster charging: Supports 400V-1000V vehicle
architectures, including 30% faster charging for
Cybertruck. S3XY vehicles enjoy 250kW charge rates
they already experience on V3 Cabinet — charging up
to 200 miles in 15 minutes.

* Faster deployments: V4 Cabinet powers 8 posts, 2X
the stalls per cabinet. Lower footprint and complexity
= more sites coming online faster.

* Next-generation hardware: Cutting-edge power
electronics designed to be the most reliable on the
planet, with 3X power density enabling higher
throughput with lower costs.

Source: electrek.co; Fred Lambert | Nov 14 2024

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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!i; - . _ Historical evolution of drive efficiency 45 ,,,,,

1968 VLT 5

. . . . SCR, 6 pulse PAM
Efficiency increase over time

91% efficiency

* The efficiency of drives has increased in time with the evolution

of technology i ] 1983 VLT 200
o _ ) _ transistor, 18/6 pulse
* Example: the efficiency timeline for a 4 kW drive, 380/400 V % PAM

(example: Danfoss)

95% efficienc
* Similar pictures can be drawn for the products of other ° i

manufacturers 1993 VLT 3000 v.2

transistor, PWM

96% efficiency

1995 VLT 5000
IGBT, PWM

96% efficiency

2003 VLT FC-302
IGBT, PWM

Source: Norbert Hanigovszki, Danfoss Drives: “Developments and trends in the adjustable speed drives industry “

97% efficiency

4 IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment |ea'4e Org




Drive efficiency compared with motor efficiency 45

EMSA

Predominant Opinion in the Drives Industry Motor vs. Drive Efficiency cost curves

* For drives: lower efficiency leads to higher cost
for cooling and size increase. There is a upper
limit for this relationship.

* For motors: higher efficiency leads to higher costs
because more material is needed or more
expensive materials are used (special low loss
steels, permanent magnets)

Cost

* The incentives are different between drives and
motors

* The relatively high cost for increasing efficiencies
above today state of the art would drive
consumers to delay the introduction of variable Efficiency
speed drives

Source: Norbert Hanigovszki, Danfoss Drives: “Developments and trends in the adjustable speed drives industry “

4 IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment |ea'4e Org




Challenges and Criticisms towards
SiC-Inverters for Industrial Drives

IEA Technology Collaboration Programme
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Electric Motor Systems
EMSA

Challenges and Criticisms towards SiC-Inverters for Industrial Drives 45

High Initial Component Cost

e The higher initial cost of WBG inverters can be a significant barrier to adoption, especially for
applications where cost is a critical factor. A detailed analysis of the efficiency advantages and total
lifecycle costs, evaluating both SiC and GaN, could demonstrate that the energy savings achieved,
for example in part-load operation, will highly compensate for the initial higher costs.

Application Readiness

System Design and Implementation Complexity

Reliability and Durability Concerns

Risks to Equipment

|IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment 19 Iea -4e-o rg
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Cost Comparison | -

1200-V SiC MOSFETs Are More Expensive Than Similarly Rated Si Devices

* Price parity can be achieved at the system level due to reduced size and weight of magnetics, and reduced system
cooling requirements. Reduced system losses provide savings throughout life of the system.

80

| Price data:
70 - 1200V 2 ® Cree —  www.digikey.com
60 “ Rohm —]
& 50 e STM =
@ 40 )/ . Microsemi —
(S
E 30 ,/ / x IGBTs_Infineon =
// Y 3
20 g ;
10 +— X :
O — I I Source: V. Veliadis
0 50 100 150 200 250
Current (A)
IEA Technolog-yACOIIaboration Pngramme .
4 on Energy Efficient End-Use Equipment 20 Iea_4e-org
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Full SiC MOSFET and Si IGBT power module comparison

E Electric Motor Systems
EMSA

35A MiniSKiiP 2 module

Without base plate @5kHz

Si IGBT: 1200V/35A
Si diode: 1200V/35A

SKiiP24AC12T4V1

FORMS.1014 / Rev. 06

25A MiniSKiiP 1 module

Without base plate

SiC MOSFET:
1200V/25A
No SiC diode

VS joter > W SN
> :

SKiiP13ACM12V18

25A MiniSKiiP 1 module

Without base plate

SiC MOSFET:
1200V/25A
SiC diode: 1200V/20A

SKiiP13ACM12V17

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment
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Y Detail: Forward losses in the SiC MOSFET | -

EMSA

- Under overload, the conduction losses of the SiC MOSFET
« Thanks to the linear forward can be greater than those of the Si IGBT. Large
characteristic of MOSFETs, the temperature coefficient
forward losses in the low load
range are lower than with IGBTs.

/

* At 15A: 20 ~_ /// R
- IGBT VCE voltage is approx. 1.4V ><\/ e _-
(150°C) R /7T X
N\ / 1/ -~
- Pcond =21W 50 \ / / X,/‘ /
. . -
- SiC MOSFET VDS Voltage is . 40 / > PR S A
approx. 0.8V (125°C) - 2 . -7
_ - -7
- Peond =12 W 20 P // 1200V IGBT 50A (25°C)
15A — -7 (d = = 1200V IGBT 50A (150°C)
10 { = 7 7 1200V SiC MOSFET 50A (25°C)
-
0 _/ . »/’/ / -— 12,00\/ SiC MOSFEIT 50A (125°C)
0 05 | 115 2 2.533.5
Vds inV
0.8v 1.4v

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
22 1ed-4€.0Ig




£ switching losses with the Full SiC module | -

* SiC MOSFETs have a body diode which conducts in
the reverse direction

[
15T

|

* Body diodes have very high Vf, ~5...7V
— MOSFET must be switched on

— Almost the entire current flows through the
MOS channel

J%

Full SiC without external Schottky barrier
diodes

* Body diodes have pn junction o

— SiC MOSFET Body Diode has Reverse recovery
and some tail current!

[
17T
[ ]

— higher switch-on losses + body Diode losses E..

|

60%

Losses

* Valid for high switching frequencies (>20kHz)

I
Cop]

Full SiC with external Schottky barrier diodes

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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2 1
ni i Full SiC MOSFET and Si IGBT power module comparison AE

Electric Motor Systems
EMSA

25A Full SiC MiniSKiiP 1 compared to 35A Silicon MiniSKiiP 2

Operating point with maximum output power

Maximum output power Efficiency

25,0

100,0%
—Full SiC without SiC Schottky FWD —Full SiC without SiC Schottky FWD
—Full SiC with SiC Schottky FWD —Full SiC with SiC Schottky FWD
—Silicon 99,0% - —Silicon
20,0
98,0%
E 15,0 §
c 2
£ é,
[ 97,0%
g ['T)
a
= 10,0 :
a
b 96,0%
o
Ly +90%
50 +130% @40kHz oo | I
@40kHz ’ + ~3.5%
@30kHz
0,0 94,0%
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Switching Frequency in kHz Switching Frequency in kHz
+80% output power @ 30kHz + 3.5% efficiency @ 30kHz

Conditions: Vdc=800V, cosphi=0.95, Tj,op=150°C;

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment

2 iea-4e.org




Optimized Full SiC Power Module | -

f swx$8

/ \ Conditions:
180 " 5KkHz 5kHz 20kHz 40kHz |~
160 - VDC = 800V
-50% -30% VLL = 400V
140 -
cos(p) =1
2 120 - Ta = 40°C
€ 100 - Tj < 130°C
)]
v 80 -
© 60 - M Pcond
NN
NN
0
% 5kHz 5kHz 20kHz 30kHz
: Silicon Full SiC with SiC FWD diode
IEA Technolog-y-CoIIaboration Pr?gramme .
on Energy Efficient End-Use Equipment 25 Iea_4e.0rg



SiC-Inverter Application Example

Selected power modules:
* |GBT Module: Generation 7 IGBT, 35A, 1200V
* SiC Module: Latest generation SiC MOSFET, 32mQ (40A), 1200V

Limitations for standard drive with unknown motor and cable length

* dv/dt cannot be increased to limit over voltage at motor terminals
(reflected wave)

- RG adjusted to have 5kV/us voltage rise time for both

* fc cannot be increased to limit leakage current (shielded motor
cable, etc.)

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 26
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SiC-Inverter Application Example a;

Benefits of SiC MOSFETs in a Drive

- Application parameters:
= Centrifugal pump
= Load characteristics: quadratic torque, T~n2~I]

T, (%)

100
80
o0 . For simplicity, we use the
40 &P theoretical curve

& L0

e

S

0 20 40 60 80 100 nin, (%)

= Motor: Standard PM motor, 355V, 15kW, 26A,
cos(phi)=0.98, 50Hz

= Drive: Vpc= 560V, f,,=5kHz, dv/dt=5kV/ys,
T,=40°C, OL=110%/1min

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023
IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment 27 iea-4e_0rg




EMSA

Variable Torque Application - Watt Loss at Module 45

Watt Loss at Module

Power Module Losses in 15 kW Pump Application

* Comparison 250 99,5%
~ Identical switching speed, 5kHz and 5kV/ps L . BEREEE e,
)
- ldentical cooling 500 99,0%
* Result:
> 98,5%
- 62% to 54% lower losses from 40% to 80% speed < 150
2 5
- 1.7% to 0.8% boost in efficiency from 40% to 80% speed § 98,0% &
g 100 -
o
- 97,5%
50
97,0%
0 96,5%

40% 50% 60% 70% 80% 90%  100%
Operation Speed

ms [GBT Gen7 Total Loss@5kHz m— SiC-MOS Total Loss@5kHz
= = 1 IGBT-Gen7 Efficiency = = 1 SiC-MOS Efficiency

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023

IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment )8 Iea-4e_0rg




EMSA

Variable Torque Application - Watt Loss Complete Drive 45

Watt Loss Complete Drive

A Loss Reduction at Full Load
Pt°t=356W*1

Replace Si losses with SiC losses from step before:

Pt0t= 270W*2

IGBT losses
~206W
SiC losses
~120W

Danfoss FC102, 15kW, 31A,
FC-102P15KT4E20H1 Fixed losses

Fixed losses
~150W ~150W

*1 Drives losses calculated with energy efficiency calculator from Danfoss website
"2 LosSsic_prive = LOSSprive~LOSSs1_mod+LOSSsic_mod

Estimated Efficiency Loss and Efficiency

400 r 100%
* RESULT n 350 [ 98%
g 300 96% &
- Reduction of watt loss by 11% at low and by 24% at full speed B L 94% G
- . . 2 250 ., &
- Efficiency increased by 1% at low speed and 0.5% at high speed % oo 2% g
= | 0, =
£ 90% s
150 - 88%
100 - 860/0
40% 50% 60% 70% 80% 90%  100%
Speed
Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023 FC102 Losses [W] FC102 Watt Loss with SiC
= = 1 Efficiency = = 1 Efficiency with SiC

IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment - Iea-4e_0rg




E;‘ Ml Return on Investment (ROI) 45

EMSA

Assumptions:
* Price difference of a 400Vac/15kW drive to end user will be Annual Average Load
90 to 100€ 25%
L 20%
* Operation profile with a speed range between 40 — 100% § -
* Energy Cost: 0.26€/kWh £ 10%
S 5o I I
Result o 1
* 55% lower accumulated losses SIS D*O\O S S S 0@\0
Load
* 354kWh savings equaling 172 kg CO2*
. . . Accumulated Annual Losses in kWh
* 92€/a savings with current German energy prices 200

Losses in kWh

* Payback for drive user in approx. 1 year :22
* Higher energy cost = more savings + faster payback of SiC . ‘3‘22
200

100

0

* CO2/kWh electricity Germany 2021 IGBT

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023
IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment 30 Iea-4e_org




Challenges and Criticisms towards SiC-Inverters for Industrial Drives 45

EMSA

High Initial Component Cost

Application Readiness

e Based on an evaluation of the Application Readiness Map of PECTA regarding the implementation of
SiC and GaN inverters for industrial applications, one of the identified problems is the limited
production capacity and availability of WBG components compared to silicon-based components.
This limitation can lead to supply chain challenges for industries that require large volumes of these
components.

System Design and Implementation Complexity

Reliability and Durability Concerns

Risks to Equipment

|IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment i -4
“ e 31 Iea-4€.0rg



Discrete & Module Power Component Market -2023 - 2029 Period a;

*  The power electronics market is poised for steady growth, projections estimating an increase from $23.8 billion in

2023 to $35.7 billion by 2029

* Silicon carbide (SiC) technology outperforming the entire market growth by a factor of 3, especially in EV & industrial

segments

37%

30%

8%

25%

» Si MOSFET discrete « IGBT module = SiC MOSFET module Others *

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment

28% -

CAGR 3023-2029: 7%

20%

* Detailed figures availobile in Yole Group's report; ICBT discrete, SiC MOSFET discrete, GaN HEMT discrete,
Bipolar discrete
Rectifier Si, Rectifier SiC.

Source: Status of the Power Electronics Industry Report, Yole Intelligence, 2024

32 iea-4e.org
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—

ﬁ\& .: 2023 - 2029 Period power SiC device Market (SM) a&

EMSA

. -
h

* Numerous companies are evaluating the utilization of SiC devices, broader adoption is still hindered by industry
concerns regarding the availability and cost of SiC wafers and devices in the face of much higher demand.

* Consequently, the SiC industry is investing heavily in increasing wafer and device manufacturing capacity.

£ L N i N '
-Home appliances -EV/HEV -Defense
-Mobile fast charging .E-motorcycle -Aerospace applications 2029
-Wireless charging -Train -Medical

$9,873M

T

Mobile & O Automotive and

COﬂSU mer % Moblllty : B - [ h Brs

' Re '

-Data centers, servers | -UPS

-Base stations -Motor drives

-Industrial power supply
-LIDAR

-DC charging station

« Wind
|- Photovoltaics

| | CAGR2023_2029 1 24%

Source: Power SiC — Markets and Applications 2024, Yole Intelligence, September 2024

Telecom and

Infrastructure

[ IEATechnology Collaboration Programme

= on Energy Efficient End-Use Equipment 33 iea-4e_0rg




SiC MOSFETs Need SiC Wafers 4;

EMSA

The Future of EV Powertrains: SiC, GaN, and the Evolution of Power Electronics: IDTechEx Webinar July 2024

* The wide majority of SiC MOSFETs are grown on 150mm wafers.

* A transition from 150mm to 200mm will result in a 90% increase in die number per wafer, to meet the increasing
demand from automotive OEMs and tier-one suppliers.

* The usable area of each wafer increases. A HH "“’“‘*s%\
= P .
s §§\.‘ y 4 \\
* Potential cost advantage to be realized. Y \\ / ‘\%
A I
\ I
it
\ x#;] ‘1‘\
\ / \ 7
== N S I;j
’ % %
IDTechEx N

No. whole die ~450 ~850
% edge die 14 7

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
34 iea-4e.org




The challenges of SiC transition to 8" (200mm) | -

* As of 2024, 6” SiC wafers are the mainstream choice for leading players, and this is expected to remain the case
throughout our forecast period until 2029.

* The technology challenges in 8” SiC manufacturing include the quality of crystal growth and wafering processes, as a
thickness of 350um is desired to be comparable to 6” wafers and maintain cost competitiveness.

o — 1 kb =

transition : :
More bare dies At lower cost Using modern
manufacturing and
inspection tools

';'i%h:;u",:“m:’" °r' Lower SiC boule Higher defect 8" wafer not available
ater o and wafer yield density at the open market
h

Defect?

Challenges:

4
Boule z
n
§ 350um vyafer / i ” % s
yield ‘/8 ; ;
n 6" : _l“

&1 -‘:500 pm B Where to get the seeds

— — T P for 8" boule growth?
500 pim: As cut Optimization time Optimization time Where to get 8" wafers?

350 um: Thinned wafer for
device manufacturing

) Source: Power SiC — Markets and Applications 2024, Yole Intelligence, September 2024
IEA Technology Collaboration Programme

on Energy Efficient End-Use Equipment 35 iea-4e.0rg




Tumultuous Period for SiC Wafer and Device Suppliers a;

* Companies that once thrived by focusing on the rapidly growing EV market are now looking to diversify into other
sectors.

High investment of time,
money and resources

Lower revenue than expected

Sic sicC

o™ve
Rapid build-up of SiC wafer BEV devnshd lower s s it oot geiin
and device manufacturing than expected B 7
capacity > CAPEX burden! P Trend toward "affordable electric

vehicle”

E Rapid scaling of
o % manufacturing volume while

improving manufacturing
yield.

Quick rise of Chinese players

«©-

Transition 6" wafer - 8" wafer

Price erosion

Source: Status of the Power Electronics Industry Report, Yole Intelligence, 2024

[ IEATechnology Collaboration Programme
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Electric Motor Systems
EMSA

i . SiC Front-end CAPEX & Revenue in the next 5 years 45

* SiC device CapEx will continue growing globally until 2026, higher than the size of the SiC device market. Starting in
2027, CapEx will peak and be surpassed by the total SiC device market.

SiC device CapEx & revenue analysis CapEx-Upper Limit

$12000M

Value ($M)

$6 000M I . | I l
E u N l

2021 2022 2023 2024 2025 2026 2m 2029

CapEx > revenue 'Chpﬁx< revenue

+ Growing revenue of SiC devices * mmaot
- Negative Free cash flow 7
- Continuous CapEx needed

Critical period of Factors of CapEx strategies:

* Market opportunities outlook
technomgyat_nnsmon to » Internal financial resources, e.g. revenue, cash flow..etc.

» External capital resources, e.g. governmental incentive...etc.

Source: power SiC and GaN Compound Semiconductor Market Monitor, Yole Intelligence, Q3/2024

37 iea-4e.org

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment




Challenges and Criticisms towards SiC-Inverters for Industrial Drives 45

EMSA

High Initial Component Cost

Application Readiness

System Design and Implementation Complexity

e Implementing WBG inverters requires a re-evaluation of existing system designs, including
topologies (2-level vs. multi-level), and changes to gate drive circuits, protection circuits, filters
(both input and output), and thermal management systems. The need for specialized design and
application knowledge for SiC and GaN and the potential for increased complexity can be deterrents
for some manufacturers and users.

Reliability and Durability Concerns

Risks to Equipment

|IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment i -4
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EMSA

£ siC MOSFETs in a Drive: Starting Point | -

* Low Harmonics / Active Front End Input ¢ Standard 3 Phase Inverter
* Typically controlled rectifier (sixpack with IGBT) * Limited to ~5 to 10kV/us to avoid over voltage at
motor, especially with long motor cable and unknown

* 5~6kHz carrier frequency motor

* Large LCL filters (amounts of iron and copper) * Typically 4~6kHz, limited to low carrier (max 15kHz) to

* Drive embedded or as separate converter unit avoid too high leakage current on typically shielded
motor cables

== @+ Semiconductor
+ * + + + + | SWitCh
R . | [ A >
L1 C -
L2 T~ {/ Motor
L3 \
#

ST

Input Converter DC Bus Output Inverter

(Fitter)
S |

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023
4 IEA Technology Collaboration Programme
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‘i"\\ - S Line Side (AFE) Application Example 45

Benefits of SiC MOSFETs in a Drive

* Modules compared:
* |GBT Module: Generation 7 IGBT, 50A, 1200V
* SiC Module: Latest generation MOSFET, 32mQ (40A), 1200V

* Operating Conditions:

- Ve 750V
- Veug! 400V

— 30A

- cos ¢: 0.98

~ 50Hz

- f Si=5kHz SiC=20kHz
- Rth(s-a): O.31K/W

- T 40°C

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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EMSA

T . Line Side (AFE) Module Comparison 4;

At comparable T, ..., the SiC solution provides: Four times higher f,,, and 21% lower watt loss
T s @sen | scvowieemn

Rated Voltage [V] 1200 1200
Rated Current [A] 50 40
Losses
MOSFET/IGBT onq [W] 16.32 18.27
Turn_on [W] 8.19 5.99
Turn_off [W] 8.61 2.78
Diode, o [W] 4.52 2.80
Reverse Recovery [W] 3.63 2.81
Total System losses [W] 247.61 195.88
Temperatures
Tj maxcer [°Cl 145.12 142.39
Tj maxiode [ °C] 127.89 142.39

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment I -4
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EMSA

D
I . . Line Side (AFE) Filter Comparison AE

Example filter calculation for f,,=5kHz Si and f.,=20kHz SiC

iy 0 | vt [ TR
by 75(Li)/47%(Lg)
Li Lg Li Lg
. Wei 0 ]
Welght reduced by 47% e e e 0.2
- Watt loss reduced by Dt 3x12
) . :
37% }All(lgn]dlng weight (Al) 18 0.5 15 0.3
- More compact devices, 500.0 92.0 90.0 41.0
less storage space, lower A ) ]
i 17. 2.1 (N 7.5 (M .9 (N
transport cost CEFATTES (1 E19) 1] 0 (GO) (NGO) 5 (Megaflux) 0.9 (NGO)
L L
B G m 156.0W 15.0W 120.0W 40.0W
3 L ]
ﬁRd 120x90x160  120x50x120
250x110x250 150x60x150 = -75% in Vol = -47% in Vol
L; - Inverter side inductance . 19,4 10,2
Ly - G\r/idrsk;e Iindt:ctaunce
Cr - Filter capacitance 463 291
R4 ~Damping resistance
reactors

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023
IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment |ea-4e org
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5 Y \; Benefits of SiC MOSFETs in a Drive - Line Side (AFE) Conclusion AE -------

= Four times higher switching frequency
= Reduction of audible noise in magnetics
= Reduction of system watt losses by up to 31%

= More compact machinery or panels by smaller reactors/coolers/heatsinks (just reactors size
reduction is about 75%/47%)

= Filter cost comparable at scale
= Contributes to Total Cost of Ownership (TOC) reduction:

= Energy savings
= Easier storage and handling
= Lower mounting effort

Webinar - Silicon Carbide in AC Motor Drives, 13th June 2023

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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Challenges and Criticisms towards SiC-Inverters for Industrial Drives 45

EMSA

High Initial Component Cost

Application Readiness

System Design and Implementation Complexity

Reliability and Durability Concerns

e While SiC and GaN devices offer potential improvements in efficiency and electrical and thermal
performance, there are concerns about their long-term reliability and durability, especially in harsh
industrial environments (e.g. continuous and intensive operation, dirt and dust). The technology is
relatively new, and long-term field data may be limited compared to well-established silicon
technologies.

Risks to Equipment

|IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment i -4
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\B MR . 1 Efficient Aging Models for SiC - Inverter Applications 45

EMSA

Research on various topics in SiC power SiC MOSFET fault tree analysis
converters, such as failure mechanisms,
accelerated lifetime testing, device health

indicators, junction temperature monitoring, and Failure

protection systems are required to increase OR

confidence in long term stability of SiC-based p— — onsse s Bhs Thermal
Industrial inverter. Curot | |Volageshit =~ Vokaes

* Compared to Si-Inverters, SiC-Inverters can
operate at junction temperatures beyond 170°C;
newer designs have brought this limit to greater
heights, exceeding 250°C.

* Even when the junction temperature and blocking
voltage are kept below the critical values, long-
term degradation of the device is still possible

through chip and packaging related degradations .
* Accelerated life tests (ALT) can be performed using

appropriate stress levels derived from mission

profiles to characterize long-term reliability

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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EMSA

High Initial Component Cost

Application Readiness

Challenges and Criticisms towards SiC-Inverters for Industrial Drives 45

System Design and Implementation Complexity

Reliability and Durability Concerns

Risks to Equipment

e While Wide Bandgap Devices (SiC and GaN) inverters allow for higher switching frequencies, offering
many benefits, this characteristic can also pose risks to equipment, including bearings, motor insulation,
and cables. For motors, the rapid switching can exert additional strain on insulation systems and bearings
due to the increased rate of voltage changes (dv/dt), potentially shortening their lifespan.

|IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment i -4
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!i; - . _  SiCInverters for Electrical Drive Systems 45 ,,,,,

Winding insulation failure after long-term

*  Wide bandgap semiconductors such as SiC could ; ] .
partial discharge activity

significantly increase the efficiency of power devices

by allowing higher voltage, current and frequency ~
than similar Si devices. ' »', :

* However, the faster switching speed induces a high
dv/dt which is suspected to increase ageing

ich i ' ' ég —
phenomena in windings, notably through partial \\l\\ , %

‘\\\\\ <

discharge.

* Additionally bearing currents are generated by the
high du/dt changes of the CM voltages at the motor
terminals leading to bearing failures

* To provide a better understanding of the impact of SiC
semiconductors on the aging of current low voltage
electrical machines, a collaborative project managed
by Bern University Applied Sciences funded by the
Swiss Federal Office of Energy aims to initiate
comparative testing of both technologies.

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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ni - . Insulation Aging Phenomena - Terminal Overvoltage 45

EMSA

SiC inverters reduce switching losses, which is associated with a shorter rise time, making the system prone to
reflected waves and voltage overshoots on the motor side

— Cable length and filtering are key factors

- Maximum reflected voltage limited to twice the DC-link voltage for longer cables
(max. reached at critical cable length) —— Si IGBT

SiC MOSFET

_ tr
Critical cable length depends on power semiconductor rise time ler = 3@

4
y CE* '

(200 V/div) |

DS

— With t, the rise time and v the propagation speed
(150m/us for a pulse velocity in a cable).

.y 1, (50 A/div)

0
@ Time (100 ns/div)
q 1200 3
— Si
1000 - — sic
800 4
.?a; 600
Long Cable 5
> 4001
200 4
Inverter Motor ol

-0.5 0.0 0.5 1.0 15 2.0

Time (us)
IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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Electric Motor Systems
EMSA

b ~ " Results of the motor line-to-line voltages for the 2L SiC MOSFET AE

™ ow inverter in the case of different lengths of the power cable

1200 .
— Si ﬁ.ﬁ‘ SIC Vi, o
1000 A lllﬂlll — SiC 1000 ¢ II-‘I:I."' |I SV o o
| | |
800 - || |I 800 1 |||I ||
|
s = ||||
g,‘ 600 g 800 - [ . e e ]
£ £ |
S 400+ 2 ||
400 f | ix
200 - | IU
200
0 1.7 m cable length 15 m cable length
-0.5 0.0 0.5 1.0 15 2.0 E_'D_E 5 05 ) P > as
Time (us) Zeit [us]
The measured rise times of 30 ns for the SiC and 80 ns Due to the 15 m cable length, the differences in
for the Si inverter result in critical cable lengths of 2.25 overvoltage are no longer as great as with shorter cable
m and 6 m respectively. In measurements witha 1.7 m lengths. On average, the overvoltage is 1090 V for the SiC
cable, which is shorter than the critical cable length of and 1030 V for the Si inverter, with an intermediate
both inverters, overvoltages of up to 1.1 kV were circuit voltage of 580 V. The phase-to-earth voltages
measured for the SiC inverter and 750 V for the Si reach peak values of 780 V for the SiC and 680 V for the
inverter (Figure 9). Such high voltages could lead to motor operated with a Si output stage. The slew rate of
partial discharges and shorten the service life of the the SiCis 30 ns (18,000 V/us) and 80 ns (6,750 V/us)
machine. respectively, measured from 10% to 90% Vdc, i.e. approx.
60 to 540 V.

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment l -4
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EMSA

‘i\x - . Insulation Aging Phenomena AE

PDs can occur above approx. 400 V Location of partial discharges
Voltage overshoot can lead to partial discharges

* Caused by heightened electrical field strength * At winding ends
- Voltage level
- Geometry

- Environment (temperature, humidity, pressure)

* Inside the insulation system / on critical locations or
interfaces

-~ Sharp edges or radiuses
P eds * Surfaces

— Electrode-Insulation-Air

- Foreign particles .
- Cracks and delamination k

* Mechanism of degradation in presence of PD

lonized particles bombardment i o .
* Inside materia inhomogenities

Local temperature increase
UV-radiation

=
Reaction with ozone @
= ——
N

IEA Technology Collaboration Programme _
on Energy Efficient End-Use Equipment 1 _4
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“ | Electric Motor Aging Testing | -

* Setup implemented in the laboratory in Quellgasse
- 2x4kW induction machines driven by Si and SiC inverters with long cables
- Periodic aging measurements (100h)

LLL
L

IEA Technology Collaboration Programme
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TR . Aging Measurements AE

/i

Electric Motor Systems
EMSA

* Periodic measurement of the PD Impulse Testing at 3200V y
. . . | i
Partial Discharge Inception Voltage (PDIV) 3000 1 1
2500 L1z
< 2000 F10 5
E" 1500 I 08§
g L0603
1000 -
= 04
- . ” { SO{I | _ I}-z
! [ata)
,,,,,, - WA N 0{ — 00
B T CT1] [cT2 ; : : : .
o 0.000 0.005 0.010 0.015 0.020
Impulse Winding Tester Time {ms)
ST4030A Motor stator
q PD Impulse Testing with High-Pass Current Signal
3000 1
High voltage probe -8
B 2500 -
Zi'_ = 2000 A lg =
Memory HiCorder = 1000 43
MR6000
with High Speed Analog Unit U8976 500 A -2
04
0.000 0.005 0.010 0.015 0.020
Time {ms)

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment
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“ | Bearing Currents 4. -

Common Mode i Shaft Voltage Arc

" - f ;

F kP wo| Supply 480V pk-pk “Jl 30 v pk-pk
WJ” v |
P |

Introduction

* The common mode (CM) voltage of the voltage-
source inverters causes the HF electric currents
in the bearings in the inverter-fed electrical

Partion of charge refufned through ground wirgs

machines Stator
gL+ Ror + 1

* These bearing currents are generated by the s ¥ She ¥ n F

high du/dt changes of the CM voltages at the A7\ ¥ Rolor +, / \8

motor terminals due to the fast switching of the Stater

Si-based IGBTs or SiC based MOSFETs in the Unbalanced

inverter. v

» Balanced
3-phase input

* The source of bearing currents is the voltage
that is induced over the bearing. In the case of
high frequency bearing currents, this voltage
can be generated in three different ways:

- Shaft voltage leakage currents EDM Pits

- Grounding leakage currents

- Capacitive discharge currents Fluting

Source: What Is the Effect of PWM Drives on Electric Motor Bearings? (est-aegis.com)
4 IEA Technology Collaboration Programme
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https://blog.est-aegis.com/effect-pwm-drives-electric-motor-bearings

Bearing current measurement 45

* The circular bearing currents can be measured using Rogowski coiles in modified end shields. The measured currents
are dominated by the circular currents, which are characterized by the fact that they occur in both bearings with
equal magnitude and opposite current direction.

circular current

Rogowski coil

——

Figure 1 Motor with Rogowski coils for bearing
current measurement

Figure 2 Rogowski coil in end shield

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment 1 _4
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EMSA Wide bandgap Industrial Inverter
Research Roadmap
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- While these challenges are significant, ongoing research and development efforts
continue to address these issues, aiming to reduce costs, improve reliability, and
expand the support infrastructure for WBG technology.

- EMSA decided for their next project phase from 20205 to 2029 to document and
summarize ongoing and planned research activities in fields directly related to the
adoption of SiC and GaN WBG inverters in the industry

- By documenting these improvements in a White Book at the end of the project phase

EMSA aims to diminish the barriers to the adoption of SiC and GaN WBG inverters in
the industry.

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment l -4
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Research Questions

RQ1: Application Readiness

RQ2: Design and Implementation

RQ3: Reliability and Durability

RQ4: Risks to Equipment

IEA Technology Collaboration Programme
on Energy Efficient End-Use Equipment

. . EMSA activities (2024 - 2029) in conjunction with PECTA

Wide Bandgap Industrial Inverter Research Roadmap 2024-2027

Themes

Cost comparison on component level
Cost comparison on system level
Cost comparison on holistic level
Production capacity and availability
Supply chain challenges

Comparison of WBG multilevel topologies

Potential of alternative topologies

Requirements and design of input and output filter design and
topologies

Operational parameter optimization for optimal efficiency

State of the art prediction of MTBF

Methods for WBG Reliability and Duration Testing

Advances in modelling of WBG power semiconductor
Standard and advanced thermal optimization technologies for
WBG power semiconductors

Impact on bearings and insulation aging N
Impact on EMC Testing and EMC measures
Increased measurementequipmentaccuracy
for WBG inverter testing

fochnoiugy Collabarasion Programme

= Inputs for relevant topics are welcome

57 iea-4e.org
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