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Part I

3-® PFC Rectifier Systems

3" Harmonic Injection
_— Vienna Rectifier & Buck-Boost Topologies —
Two-Stage & Single-Stage Isolated Concepts
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S1C I Power Electronic Systems

Application Areas

m Electric Vehicle Battery Charging

m Datacenter Power Supply

m Renewable Energy Applications

Typ. 200...1000V, EV Battery
Voltage Range
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e Isolated or Non-Isolated Output
e WWide AC Input / DC Output Voltage Range
e Unidirectional or Bidirectional Power Transfer
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MPP Tracking in 60...90% of
Max. Open Circuit Voltage
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3-O Diode Bridge Rectifier

m Conduction States Defined by Line-to-Line Mains Voltages
m Intervals with Zero Current / LF Harmonics
m No Output Voltage Control
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—> Active Mains Current Shaping / Simultaneous Current Flow in All Phases
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——— 3 Harmonic Current Injection =~ ——
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Integrated Active Filter (IAF) PFC Rectifier

m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency
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—> P,= const. Required
- Sinusoidal Mains Current
e Non-Sinusoidal Mains Current

> NO (') DC Voltage Control
ETH:zurich
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IAF Rectifier (1)

m Low Complexity
m Low Transistor Current Stress ta 4 pn
° ° ° W—V_V—W
m Sinusoidal Mains Current @ Const. Power Load uw b up 1L,
m No Output Voltage Control Upn
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e Transistors T4, T. Could be Replaced by Passive Network
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IAF Rectifier (2)

m Buck-Output Stage > P,= const. & Output Voltage Control
m Sinusoidal Mains Current

® Buck-Stage Could be Replaced by Isolated DC/DC Conv. or Inverter
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IAF Rectifier Demonstrator

400
200

m Efficiencyn > 99.1% @ 60% Rated Load

=
m  Mains Current THD,; = 2% @ Rated Load = 0
m Power Density p = 65W/in3 g
S -200
P,= 8 kW -400
Uy= 400V, > U,= 400V, 2
fs = 27kHz
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Current in A
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Lin; Injection & 2
Buck Converter é 7]
Switches = —— Calculation Up, = 400V
975 Calculation Up,, = 380V
| e Measurement Up, = 400V ||
® SiC Power MOSFETs & Diodes ool ® | ) Lt Pl
® 2 Interleaved Buck Output Stages 00 10 20 30 40 50 60 70 80 90

Output Power in kW
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Swiss Rectifier

Integration of Injector Switches & Buck Output Stage
Controlled Output Voltage
Sinusoidal Mains Current
i, Def. by KCL: E.g. i,- 7, —
% % % SaYa

o0 oo~ o9

e Low Complexity T T
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Swiss Rectifier Demonstrator

m Efficiencyn =99.26% @ 60% Rated Load
Mains Current THD; = 0.5% @ Rated Load
m  Power Density p = 65W/in3

P,= 8 kW
U,= 400V, > U,= 400V,
fs = 27kHz
_ae. DC Output
Gate Ldl e .

Drivers
FPGA

Buck Converter
Switches

® SiC Power MOSFETs & Diodes
e Integr. CM & Output Coupling Inductors (ICMCI)
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: Calculation Uy = 230V
@ Electrical Meas. U; = 230V

| m Calorimetric Meas. Uy = 230V
¢ Electrical Meas. U; = 195V

| v Electrical Meas. Uy = 264V

2 6 10 14 18 22

Output Current in A
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m Bipolar Voltage Blocking Capability
m 2 Gates > Controllability of Both Current Directions
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! L1114 @ Monolithic GaN Bidirectional Switch
m Factor of 4 Reduction of Chip Area Comp. to Discrete Realization of Same R ,,)
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e M-BDS Application for Phase Selector Switches of 3" Harmonic Inj. PFC Rectifiers
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}

m 4A PowerRAMERICA Project — Based on Infineon’s 600V CoolGaN™ Technology (TﬁneOn
m Dual-Gate Device / Controllability of Both Current Directions
m Bipolar Voltage Blocking Capability | Normally-On or -Off
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® Analysis of 4-Quardant Operation of R ,,= 140mQ) Sample @ +400V
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_— Active Control of Diode Bridge @~ ———
Conduction States
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Vienna Rectifier (1)

m Active Control of Diode Bridge Conduction States / Input Voltages
m Bridge Leg Topologies with Different Voltage Stresses / Cond. Losses
m Phase & Bridge Symmetry !
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—> Analysis of Input Voltage Formation
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Vienna Rectifier (2)
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m Diode Bridge Input Voltage Formation Dependent on Current Direction & Sw. State
m Min. Output Voltage Defined by Mains Line-to-Line Voltage Amplitude

m Boost-Type
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- Sinusoidal Input Current Shaping
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Vienna Rectifier (3)

m Input Current Impressed by Difference of Mains & Diode Bridge Input Voltage
m @ =(-30°+30°) Limit Due to Current-Dependent Voltage Formation

Ql

S

ol

—> Time Behavior of PWM Voltages
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Vienna Rectifier (4)

m 3-Level Bridge-Leg Characteristic / 9-Level Current Impressing Phase Voltage
m Low Input Current Ripple / Low Inductance L

m Switching Frequency CM Output Voltage 400 40
S —& 3
200 20 =
b} Ly
ﬁ - \ -205
0% 5 10 15 200
W
g
2
b}
g
Uy =0 S

Voltage (V)

—> CM EMI Filtering

t (ms)
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Vienna Rectifier (5)

m (M EMI Filtering / Internal Cap. Connection to Virtual Star Point
m No Limit of CM Capacitance by Max. Leakage Current
m (M Filter Stage(s) on DC-Side as Alternative
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e Number of Filter Stages Dependent on Sw. Frequency
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Vienna Rectifier (6)

m Output Voltage Control / Inner Mains Current Control
m Add. Control Loop for DC Midpoint Balancing
m Redundant Sw. States Utilized for DC Midpoint Balancing
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—> Hardware Realization
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Vienna Rectifier (7)

m Highly-Compact Demonstrator System
m CoolMOS & SiC Diodes
m Coldplate Cooling

P,= 10 kW N
U,= 400V, +10%

fy =50Hz or 360...800Hz

U,= 800V,

n=96.8%

Y p = 165W/in’

[ ] THDi = 1.60/0 @ fN = 800HZ (fP= 250kHZ)
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Vienna Rectifier (8)

m Highly-Compact Demonstrator System
m CoolMOS & SiC Diodes
m Coldplate Cooling 1y

P,= 10 kW

U,= 400V, +10%

fy =50Hz or 360...800Hz
U,= 800V,

=
h’h‘-
1-1-1-
Y SV EY

n=96.8%
p =165 W/in’ (10 kW/dm?) 200V/Div

f,= 250kHz 2o -
///\\ \ /\\\

e THD;=1.6% @ f, =800Hz '
e System Allows 2-® Operation L
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Vienna Rectifier (9)

m Dependency of Power Density on Sw. Frequency f,
m CoolMOS & SiC Diodes
m Coldplate Cooling

U, .
P0= 10 kW ~— ah é a
U= 230V,+10% i
f, = 50Hz or 360...800Hz N D o
18
16
>A 14 VRS(‘)'O} ’3[{1000‘
ME 12 ‘kl | N
= 0 VR250
Z s VRT72 —// o
QU /" iE
4 L~
e Factor 10in hf,, —> Factor 2 in Power Density 2
e Systems with f,=72/250/500/1000kHz 0 - . o &
ji) (kHz)
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Application of GaN M-BDS (1)

Vienna Rectifier —
600V GaN Monolithic Bidirectional Switch (M-BDS) @ U,,= 800V, R ,,=140mQ (Infineon

Continuous Current Mode, L=33uH, f,,=620kHz
1200V SiC Diodes

o
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Power density (kW/dm?)

]
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W
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W

Nominal RMS phase current (A)

100 200 300 400 500 600 700
Switching Frequency (kHz)

S o

e Max. Power Density of 25kW/dm? (w/o Full EMI Filter) @ 98.4% Efficiency
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R BELERY Application of GaN M-BDS (2)

m A-Switch Rectifier
m 600V M-BDSs for 115V / 360...800Hz Aircraft Applications
m Low Conduction Losses / No DC-Link Midpoint Required
Uy =115 V@400Hz

U, =400V
THD= 2.3%

d o T a .Io—_! FO_

b o— b d C_'='_+ Upn
_ ka -

Co—mmm— {

——s on

CH1 100V CH3 10A
CH2 10A CH4 10A

e Always Only 2 Switches are Operated
® Phase Current Controller Outputs Transformed into A-Quantities
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Comparative Evaluation
——— 3L-Topology vs. 2L-Topology ——
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Comparative Evaluation (1)

m Comparison of 3-Level to Standard 2-Level PWM Rectifier
m 9vs. 5 Volt. Levels & Factor 2...3 Lower Sw. Losses —> Factor 4...6 (!) Lower L

— 4
al. L a* % % al, L OJEESJ:@J
o—— 1] o—— 4 |
b gl D — C-'='—+]upn
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] B

B i

400V Fp oy o = 400Vt :
200V A A 200V /\ /\ ]
0 0
400V 400V
0 10ms 20ms 30ms 40ms 0 10ms 20ms 30ms 40 ms
m Vienna Rectifier m Standard PWM Rectifier
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Comparative Evaluation (2)

m Comparison of 3-Level to Standard 2-Level PWM Rectifier
m 9vs. 5Volt. Levels & Factor 2..3 Lower Sw. Losses > 12 kW/dm? vs. 8 kW/dm? @ 22kW

4l
I -
b _— b
_—
10A | 10A
'iéln <i'd>
5A 5A
0 0@
SAL SAL
-10A L -10A :
0 10ms 20ms 30ms 40ms 0 10ms 20ms 30ms 40 ms
m Vienna Rectifier m Standard PWM Rectifier

ETH:zUurich APEZC 2021



S1C I Power Electronic Systems
I'— Laboratory

an
24./152 __ Wil

Vienna Rectifier — Conceptual Limits

m Boost-Type
No Isolation
m Unidirectional (in Basic Form)

Q
t~

L
—
é-b
-

—> Buck-Boost & Buck-Type Topologies / Isolated Systems
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Buck+Boost-Type
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Buck+Boost PFC Y-Rectifier

m Switching Stage of 2-Level PFC Rectifier > 3 DC/DC Boost-Converters w/ Ref. to Neg. DC-Link Rail
m Insert Front-End Buck-Stage / Phase = —> Buck+Boost Operation

D s T
N iH—— - M »lupn
. :
- - :
N // C}““'L: ... |-< =
- -
) T i T
A) / ) ) ;?; °
= I4

® Bidirectional & Wide Input / Output Voltage Range

ETH:zUurich APEZC 2021



=1C I Power Electronic Systems
= Laboratory

an
26/152 __ Nl
Y-Rectifier

m Rectifier Input Filter Inductor Used as Buck-Boost Inductor

m Allows Inverter Operation with Continuous Output Voltage (!)
m All-GaN Demonstrator

Voltage (V)

Time (ms) 0.5

* * Boosl]é[ Buck ][

S
=)

Boost

Current (A)

=
[
—_
W
<

Time (ms) 0.5

® Bidirectional & Wide Input / Output Voltage Range
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Y-Rectifier vs. 3-® Cuk-Type Rectifier

m 3 Main Inductive Components m 6 Main Inductive Components
m 12 Power Transistors Blocking U, OR U, m 6 Power Transistors Blocking U,, AND U,
m Discontinuous Input & Output Current m Continuous Input & Output Current
L (e L
v =% A
P 1 W s, Ve ;%3? *|Caa l\/+
N Ca 2a ch_:— out
LR B R, ) | :
EEy - + Ao
N @——C . C'EE_ Upn 1 T E%gb Ve 4%3 i2b v +==C2b
|_C>_°c - Co Sab c?
==JH ==DJH ==°.|H JH JH J - Module B
:# q} :# :# - A Cg A~EA
S A > E%J va %3—>
- Ve T
Cv: SZc -
- Module C

Source: N. Kumar, S. Mazumder, A. Gupta | 2018

® Bidirectional & Wide Input / Output Voltage Range
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3-@ I-DC-Link Buck-Boost Rectifier

m Combination of Y-Rectifier Boost-Stages
m Main Power Circuit w/ Single Inductor
m Input-Side AC-Switches

éfas ik J?

R TRTE B L
F58 T LI
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e Low Complexity Realization w/ Monolithic Bidirectional Switches
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Isolated 3-O PFC Rectifier Systems

Synergetic Control
——— Matrix-Type Isolated Topology ———
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Selected EV-Charger Topology

m Isolated Controlled Output Voltage

m Buck-Boost Functionality & Sinusoidal Input Current
m  Applicability of 600V GaN Semiconductor Technology
m High Power Density / Low Costs

=]
3¢ | AC/DC DC/DC . o\%
Grid Vienna Rectifier 5 Stage i Battery
‘mm- ' . M .
‘;-l“‘ x X ' = b p
L ! Dax% % } > DC ——»-0——
U L + uSgya
a i, _ O, D= U
|y S g T o
earaE-i- At 4
g X e S R vl
c Tl L
§ e = Uyz e
: 11 '
= | Dia b pep o |
— z

|
L

|

—> Conventional / Independent OR “Synergetic Control” of Input & Output Stage

APEC.2021



S1C I Power Electronic Systems
I'— Laboratory

ETH:zUurich

Conventional Control

m Decoupled Control of AC/DC & DC/DC(-Stage
m Constant DC-Link Voltage éEqually Splitted)
m Cont. Sw. of All 3 Phases - 3/3 PWM

I 2
O SEmmFipiian s
¢ G =35
l_!: 5_1 = Uy, E:l Pyz

600

-600

-30
-60

900

Current (A) Voltage (V)

600 r
300

Power (kW) Voltage (V)
B
S

7

Sector |
- A -

300 F

-300 ¢

=> Control Capability & Control DOFs NOT Fully Utilized (!)
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“Synergetic” Control

Sector 1

m Only Phase with Lowest Current Switched = o | — | —
m Control of 2 Phase Currents by DC/DC-Stage 5 g 0¢ ¢
m Low Stresses on Power Switches é; 300 F |
m 600V GaN HEMTs Can be Used (!) = 600 : : : : :
S S— R e -
§ 0 ,a :b -\'_::E:_‘"’
: 30 bl T I .
N -60 - . - : :
B s
A b i X 7u A uXZ i
v ﬁ%o 300 F =L
. =}
lx X >
Dgx* % % usaya > %
a L _ —— s Uu ~
ala a ; ~raya — Xy | v Px o
b b o | by K
¢ c Saya [T TN [T
]'—;, 5—1 _-— U |::|P o
i Ve Lyt Shyp | TR I 00
1112 I 1111 ML |
z 0 60 120 180 240 300 360
wt (°)

=> Boost Capability Maintained (Transition from 1/3 to 3/3-PWM)
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Conventional vs. “Synergetic” Control
m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM
m Conduction Losses =-80% w0 il -
m Switching Losses = -70% e 10y “ = “ ,
Dax - -
, 7y i W | e
- ala L, 2 = Uxy P, g
— C 3
NIy b - b by |y l
Ao . < L u| p %
A X A ; lu ’ % 5
D < Z o - : ; : ; . ‘ : : .
z 0 60. 120 J{S?ﬁ) 240 300 360 0 60 120 u::?t; : 240 300 360
-> Operating Point Dependent Selection of 1/3’-PWM OR 3/3-PWM for Min. Overall Losses
ETH:zurich
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“Synergetic” Cascaded
Control Structure
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“Synergetic” Control Structure

m Cascaded Control of Output & Input Current (Direct & Through DC-Link Voltage)
m Active Equal DC-Link Voltage Splitting
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dsfy?
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G*_ /,\* ~ ua“buc 123456
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~X “b E L 7@ | L max [
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T _ * + * *
N io + U - X Uk (T
Rj, L —-ﬁ—n : )—-_——(b ()5 min 2 ’ =
. * : — * ™ &
to UPH IO iugrl(l Rigrid Uy = Uyz Uy (1o 1, (8

Output Current Control Grid Current Control Phase Selector DC-Link Voltage Control

=> Same Control Structure for 3/3-PWM (Full-Boost Mode) Using Diff. Ref. Values
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AC/DC-Stage Transition to Full-Boost Operation

Full-Boost

1/3 I 1/3 1 2/3 1 3/3 I 751353 )

m Different Operating Regimes ->  Synergetic Partial-Boost

=

=
Dy, 7
] 5 -
A A A £ |
Uy i L P
oo " z ! =
b b B ]
NH™N, >— g
- = I
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2 _— r, % : ]
y Y Y i
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-> Intermediate 2/3-0peration for Limiting DC-Link Center Point Current (Low DC-Cap.)
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Isolated Single-Stage PFC Rectifiers

S Matrix-Type PFC Rectifier S
Vienna- Rectifier II, II1
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Isolated Matrix-Type PFC Rectifier (1)

m Based on Dual Active Bridge gDAB) Concept

m Optimal Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS
m Allows Buck-Boost Operation

i';P
A : e
bo—- 1_) Jj"P Lmi .-H-. t_ls —I:—_lupn
cc»—-_____‘LC » » N, /N, 1
¢ LT Jok
T
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up us Uac e to I /
1 “‘flo T e
[ . I Uaht == -=-=======-=--~- ty ! T
_|—l / zi___-\:;_/_/_ts 1/
\ tp L / am ! N : '
+ . + s \ /
! — —_— t1 !
UG
e Equivalent Circuit o Transformer Voltages / Currents
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Isolated Matrix-Type PFC Rectifier (2)
m Efficiencyn = 98.9% @ 60% Rated Load (ZVS)
m  Mains Current THD,; = 4% @ Rated Load
m Power Density p = 65W/in? 005 \ 4
4444444444 X 990 a =) %
- @ - o
U 400V,. 2 U,= 400V e o fow =31KklIz
fl=3ekhz  ° " £ osop A
S ot s s
’ 97.0 7 ‘ L '
Transformer Gate Drivers ZYNQ 7000 . 2 6 10 14 18 22
with Leakage System on. Chip Output Current in A
Igput 10A/div
Filter
/><\ //><\ /TN
</ \></ \></
Direct Matrix Converter 0. —h i Py o ") o)
eat Sink RN NN, AT
Ffilll—tBrid ge Cic | ><K ’\,><I(\ >)ﬁ\ \x\ ) ? >éf r >
CNCNCD a N }k >
e 900V / 10mQ SiC Power MOSFETs AN |
® Opt. Modulation Based on 3D Look-Up Table © PR T --
ETH:zurich
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| GEWETRY Application of M-BDS

m Matrix-Type Bidirectional DAB-Based Topology
m Unidir. Vienna Rectifier II (Boost-Type)
m Unidir. Vienna Rectifier III (Buck-Type)

1

o
ol ol |l

a

: N |

Y

ctprtir B

v 3
—d Lo

|
1l
-
=
=
=

e Integration > Lower Complexity BUT Limited Controllability
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Part II

3-O® Variable Speed Drive Inverter Systems

Full-Sinewave Filtering
——  Multi-Level Inverter Concepts —
Buck-Boost Inverter
Current DC-Link Inverter

I@l
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Variable Speed Drive (VSD) Systems

m Industry Automation / Robotics

m Material Machining / Processing - Drilling, Milling, etc.
m Compressors / Pumps / Fans

m Transportation

m etc., etc. ... Everywhere !

® 60...70 % of All Electric Energy Used in Industry Consumed by El. Motors

ETH:zUurich APEZC 2021
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Variable Speed Drive Inverter Concepts

m DC-Link Based OR Matrix-Type AC/AC Converters
m Battery OR Fuel-Cell Supply OR Common DC-Bus Concepts

ua
<

a

e b—
F—
)
=
]
i
e
A—

+2 38%

of electric energy use is for motors

3ph Motor in commercial buildings.
Uy
i ‘
AC Un, I
AC
3ph Motor
i
Uns I AL b ED
e Source: FREPED
+
# = 10%
—0— AC of electricity consumed by industry
Battery 3ph Motor is used in electric motor systems.

® 45% of World's Electricity Used to Power Motors in Buildings & Industrial Applications
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State-of-the-Art Drive System

m Standard 2-Level Inverter — Large Motor Inductance / Low Sw. Frequency
m Shielded Motor Cables / Limited Cable Length / Insulated Bearings / Acoustic Noise

Diode rectifier DC link choke
S Y

l Qu1 Qv1 Qw1
- - - )
I source It Ef2 feor
Impedance R et / Neutral
U 0
oo

y point
G S > N
w
= T \—&
Ground Vi
x I - Frame
| Qw2 - G
Ground
Ve Vnem ( =V =Vcom)
Source: YASKAWA
500V ? : T chov : : 10;\/ : : : :
t 6k - Motar input. i : : Shaft voltage

Cnmmon mode voltage'

Wwwmwwlww

o

Leakagecurrent - o Fﬂ ﬂ T

4—"100;435 | Inverter output «—»-100ps

e Line-to-Line Voltage | CM Leakage Current | Motor Surge Voltage | Bearing Current

ETH:zUurich APEZC 2021



S1C I Power Electronic Systems
Laboratory

ETHzurich

Surge Voltage Reflections

m Long Motor Cable (.22 t, v
m Short Rise Time of Inverter Output Voltage
m Impedance Mismatch of Cable & Motor > Reflect. @ Motor Terminals / High Insul. Stress

SiC
2
i\ 18
~ 9l 72, DR R 1.6 |- 5
A o // /// o 1.4 '
S S Y AN AN I AN Y S B ]? AN /4.
= Y Y Y S AN A R N | g
I EE [V ] ] o IR A8 ,
Y / _/_/___—IOns 0.6 d;/(/s
z o v,/ — 25ns 0.4 A 77
Ao1d - N AN > AC
5 AR AT 4D & s B 0.2 g '-.!.'.—‘.‘i‘-’-"ili{‘-"é\\\‘-‘ \ gg
s bt S S S SRS — 100ns 0 "_""[/‘7;’-‘"“:" ZZ i aovio.
= 1.2 — 7 77 P AN S —— 200ns 02| | \/,'I \ AC DC
-------------------------------- — 400ns 0.4 \ X YoGmax
I I ST S I 06 VO | | | | | | J
101 10° 10! 102 103 0 500 1000 1500 2000 2500 3000 3500 4000

Cable Length (m) time in ns

=> dv/dt- OR Full-Sinewave Filtering / Termination & Matching Networks etc.
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Motor Bearing Currents

m Switching Frequency CM Inverter Output Voltage -> Motor Shaft Voltage
m Electrical Discharge in the Bearing (“EDM”)

Rotor +
______________________ p— Inner race—}-o
L S s s
Inverter j ,” j j | Q) Bearing ’ o Edges of pit
Cu / T Oil film cool quickly
Jand harden

r

Ihr'g ‘l, :

------------- N 1
! o N == Cg : Outer race—4-o

1

1

Cu!s :

1

1

— Z; T
" I | Stator

-> (ond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt- OR Full-Sinewave Filters
ETH:zurich APZC 2021



=1C I Power Electronic Systems
I" = Laboratory

ETHzurich

VSD Inverter - Future Requirements

“Sinus-Inverter” / “Non-Expert” Installation — Motor-Integrated Inverter
Low Losses & Low HF Motor Losses

Low Volume & Weight
Wide Output Voltage Range

High Output Frequencies (High-Speed Motors)

Georgia ‘\

Source:

Tech |

Efficiency - n (%)

100

99

98

97

96

10 15

20 25

Gravimetric Power Density - v (kW /kg)

e Main “Enablers” -> SiC/GaN Power Semiconductors & Adv. Inverter Topologies

43/152_1@
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Si vs. SiC

m Si-IGBT / Diode -> Const. On-State Voltage, Turn-0ff Tail Current & Diode Reverse Recovery Current
m SiC-MOSFET —> Loss Reduction @ Part Load BUT Higher R,,

6x Si-IGBT 6x SiC-MOSFET
b 6x Si-Diode ° .J .J .J
KF K} K} BB E
Ve - : Vi — J :
J Jq Jﬁ Jﬁ
1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4 mm? Die Size: 25.6 mm?

e Space Saving of >30% on Module Level (!)
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Low Ryson) High-Voltage Devices

m Higher Critical E-Field of SiC = Thinner Drift Layer
m Higher Maximum Junction Temperature T.

j,max
A
at300K | Si  GaAs 4H/BH-SIC  GaN Eorisic |
Ea (ev) 1.12 1.4 3.0-3.2 3.4
Ec (Mvicm)| 0.25 0.3 2.2-2.5 3
Ln (cm2vs) | 1350 8500 100-1000 1000 SiC
€r 11.9 13 10 9.5
vsat (em/s) [1x107  1x107 2x107  3x107 £ si
crit,Si 4= — X o |
A (W/emK) 1.5 0.5 3-5 L e L U i .
+ [——] . o
© 2000 Carl-Mikael Zetterling P WSIC E N ‘
X 4V For 1kV: Si SiC P Wsi ;
Ron = = W (um) 100 10 Schottky contact Ohmic contact
EHEc € Np (em?) 101 101 | ' '
o v
. 1 _. -
Ronsic ® 300 Ronsi ol n H_q

® Massive Reduction of Relative On-Resistance - High Blocking Voltage Unipolar (') Devices

ETH:zUurich APEZC 2021



I Power Electronic Systems

-l Laboratory 46/152 lgl

Si vs. SiC Conduction Behavior (1)

=

m Si-IGBT —> (onst. On-State Voltage Drop / Rel. Low Switching Speed,
m SiC-MOSFETs - Resistive On-State Behavior / Factor 10 Higher Sw. Speed

70

70 ,
S // /
60 l‘ 60
- s / z /,’
< 50 , ) ’1
) / - /, T=175°C
v 40 / £ 40 #
g // g /III
g 30 “ 230 ’
% ’r T=175°C g / J
5 20 /f ” ‘ E 20 / "l
10 Y [ === Si7thGen. (Vge=+15V) 10 ’.' === i 7th Gen.
’ e A| SiC (Vgs=+20V) 4
o et ———— Forward N Reverse

o

1 2 3 4 5 0

Drain-Source voltage : Vpg [V] Forward voltage : V. [V]

aa™ |

1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4 mm? Die Size: 25.6mm?

e SiC MOSFETS Facilitate Higher Part Load Efficiency
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Si vs. SiC Conduction Behavior (2)

m Si-IGBT —> (onst. On-State Voltage Drop / Rel. Low Switching Speed,
m SiC-MOSFETs - Resistive On-State Behavior / Factor 10 Higher Sw. Speed

100.0 ‘ | ‘ 100.0 ‘ | 1
| — Si IGBT/Diode] \|— SiC MOSFET |
g 99> _\\ g W3 \ _
5 ™ 3
£ 99.0 £ 99.0
= =
M 985 = 985
98.0

0 25 50 75 100 125
Phase RMS Current (A)

1200V 100A
Die Size: 98.8mm? + 39.4 mm?

0

25 50 75 100 125
Phase RMS Current (A)

1200V 100A
Die Size: 25.6mm?

e Efficiency Characteristic Considering Only Conduction Losses

ETH:zUurich
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Si vs. SiC Switching Behavior

m Si-IGBT —> Const. On-State Voltage Drop / Rel. Low Switching Speed,
m SiC-MOSFETs - Resistive On-State Behavior / Factor 10 Higher Sw. Speed

g0 180

6001 [T 60
uce (V)

a00f [+ 140

200t /20
ic (A)

o —FT——0

0 tms) 800

pa
bo
1200V 100A

Die Size: 98.8mm? + 39.4 mm?

800 H———F—"F—— 80

600} mwww~———————-6o
b ups (V)

400H—H—+— 40

200 ‘ i - 20
ipl(A)

0 = —— 0
0 t (ns) 800
1200V 100A
Die Size: 25.6mm?

e High di/dt & dv/dt - Challenges in Packaging / EMI / Motor Insulation / Bearing Currents

ETH:zUurich
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Challenges ——

R D

Y,

EDGE 1 EDGE 2

2N A AR NS R AR SO AR

AR S N A R 8 AR AT NN e
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Circuit Parasitics

m High di/dt

m Commutation Loop Inductance L, an Ui
m Allowed L, Directly Related to Switching Time t, - Ls < | = C{'[S —
_L IL
t, z
a=0.1
LST e e ==
S 4=100ns
/
100nH e S
al; 1l / [ /
v 10nH amu
i57f =" 1 ns
/| I - Parct{le
onnection
h—=1 > InH p4RIIIIT U
0.1Q 1Q 100 100Q =

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents (Z-Matching)
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Si vs. SiC EMI Emissions

m Higher dv/dt —> Factor 10
m Higher Switching Frequencies = —> Factor 10
m EMI Envelope Shifted to Higher Frequencies

200

fo=10kHz & 5 kV/us for (Si IGBT)
fs= 100kHz & 50 kV/us for (SiC MOSFET)

—_
oo
]

=
=
Vpe = 800V @ nf. £ 160
DC/DC @ D=50% =
g 140
I t T E -
4‘ r VDC ‘ r V(I)@ I‘SW g" 120 F
Jos ‘? 100 _ ‘
=
o

60 0 N 11 1y Ui N N
103 104 10° 108 107 108 10°
f - Frequency (Hz)

® Higher Influence of Filter Component Parasitics & Couplings - Advanced Design
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Inverter Output Filters

dv/dt-Filters
Full-Sinewave Filters ———

=
| ]2
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— dv/dt-Control —
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Passive | Hybrid | Active dv/dt-Limitation

m Passive - Damped LC-Filter f > fs

m Hybrid - Undamped LC-Filter & Multi-Step Sw. Transition
m Active - Gate-Drive Based Shaping of Sw. Transients

P inc dv/dz-Filter: 3...6V/ns
J;zmaméj oo i
Vpe== Cpe b — - b: M

N -J_JI__L -\
C
EEE RE o :
—f— - - - - - - I
S I T g

Voltage Amplitude V'

fow=16kHz
tp=1t-=130ns

Frequency f (Hz)

e Connection to DC-Minus & CM Inductor > Limit CM Curr. Spikes / EMI / Bearing Currents

ETH:zUurich
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Comparison of dv/dt-Filtering Techniques (1)

N

m Passive Concept m Hybrid Concept (3f,,) m Active Concept :@:
1. LCR-Filter 1. LC-Filter 1. Miller Capacitor M
2. Clamped LC-Filter 2. Multi-Step Switching 2. Gate Current Control
+ + +

3 | £a T,

J" iL 0;} i, a* J" L i, a* T Vi oa
VDC — J_ o VDC - _L T VDC J___I._o
— vl.rl C vll* o vla C Vs Cy < & V.

SSE N é j ISEY | i BT
m Output Voltage Waveforms — V, =800V, P, = 10kW, 6kV/us éZQOJVZSOfg F/ 16mQ
=

L
L

i 1]
T T "

i, A

JL
T T [
VT
Ve + /—I)—\
I
I ,};l

M| 1 1] 1 1 {1 1 {1
L i " L

=4.1uH Time ¢
=1
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Comparison of dv/dt-Filtering Techniques (2)

Comparative Evaluation of
Passive & Active Concept

+
F
JoF LT
i L R R
VDC p— -0
o 1 4 |
Rxhoer b
0 R q:I }
[ O
o
CM—L_: VlT
— ; ;
CMJ—_'— vld
> -~ & )
[ O

Losses / Power Density — V,. = 800V, P, = 10kW, f,,, = 16kHz, 1200V SiC-MOSFETs (16mQ)

—_ dv/dr (V/ns)
= 100 w i 12
‘; & LC-Filter with DRC
% B Active Concept
z - 9
al
- .. o = e
5 99| (ii) - (111) 6
2 :
= 0] 3
B2
=]
)
T 98 : : ‘ 1
= 0 20 40 60 80 100
Volumetric Power Density p (kW/L)
g\ﬁAO T AﬁAﬂ]ﬂX
100 : =
9 LC-Filter with DRC e
€ ||_ Active Concent 99.6% SiC MOSFET
> cp L
:E_ r ]
g | 7 -7 | (ii)- -
299 = .
9 (i1) —e— — |
£ ; Over-
f ) Load
2
w
z IGBT Eff. Limit: 98.3%
— 98 ) ;
10 20 25 30
Peak Phase Current ?ﬂ (A)
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Multi-Bridge-Leg dv/dt-Control

m Staggered Sw. Parallel Bridge-Legs > Non-Resonant Multi-Step Transistion

f
va 0
e | REEF RE eE I —
v, !—lv o y 2T,
Wi _— -, ° b
R —— e
v i—v, KR
J K K K X S B R S
° =
m 2-Step Switching / Resonant Transition (cf. Active dv/dt-Filter)
° T, =m(LC)"
Vie OJE]j DJ% Savf—iji——l
. - L i, S| —"
Coal Vv, i - /I_ Ve
B % | >J -
O : t

® Adv. for High Power [ Output Curr. Syst. Employing Parallel Bridge-Legs & Local Comm. Cap.

ETH:zUurich APZC 2021



S1C I Power Electronic Systems

b
I'— Laboratory 55/152 I = |

! mark Aux. Resonant Commutated Pole

e dv/dt-Limitation w/ Snubber Cap. & Aux. Switches - 1 ... 1.5 kV/us
e Opt. Timing of Aux. & Main Switches > Pre-Flex™ Self-Learning AI Algorithm of . Pre-Switch, Ine.
e (oncept Proposed by M. Lockwood & A. Fox @ IPEC 1983

Green: Lr Resonant inductor current
(varies with load)

Vg =

\\\\\\\\\

S2 Vds switch voltage (600V-0V)

Aux + Lr ARCP and inductor
voltage (-300V to +300V)

e: Load current varies 0-160A

m 99.5% Half-Load | 99.35% Full-Load (100kW,/800V,,) Eff. @ 50kHz (1200V/12mQ SiC MOSFETs)
ETH:zurich APZC. 2021
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Inverter Systems w/
——  Sinusoidal Output Voltages
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Output Voltage Filtering

m Measures Ensuring EMI Compliance / Longevity of Motor Insulation & Bearings
m Motor Reactor | DM-Sinus Filters | Full-Sinus (DM &CM) Filters | Multi-Level Inverters

DC link choke
Diode rectifier

° — Y Y\
Source: YASKAWA
Qu1 avi Qw1

N 4 4 4 .
Three-phase Input lcom
Input source impedance RI _:Efz / Neutral

| pu 5 point

DC bus

mid point o N

G S =

+
= \ "
Dc -
T capacitor / IGBT switch w \_}&

GrT:(und VG
I I _| _| Frame
/ Qv2 Qw2 Lo
-~ Ground Source: BLOCK =
Vu-c
MOTOR VOLTAGE PHASE-PHASE No filter With filter
Voltage (V)1 time (ms)— . = P Valtage (V)T time (ms)—
MOTOR VOLTAGE PHASE-GROUND No filter == = ; With filter
l L |;‘\‘+|IIIIM|.,‘H||||~IH Al — =
R P Lo I -
e Small Filter Size >
H,gh SW. Frequ. 9 S,Cl GaN Voltage (V11 time (ms)— yST—T T
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o Inverter DM & CM Output ——
Voltage Components
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Equivalent Circuit (1)

an
57/152 il

u,=u,+u,
u,=u,+u,
u =u, +u,

T ' r
U, = Uy + U, u +u,+u,=
W, = Uy + U,
u,=u,+1u,

u,=5u,+u,+u,)
u,=u,+u
u,=u,+u

m Active DM Voltage Component u
m Inactive CM Zero Sequence Voltage u,
m Low-Frequ. & Sw.-Frequ. Components

APZC 2021
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Equivalent Circuit (2)

400

i, u;
a i, JLa @ 200 [
b b~ 2 0
IO BN
. 0 200
C c
-400
ﬁ’a un,- _ ME_I
a i,] £l a

600
400 |
200 gt

R i
Hl |||||\||;|M”uu

-200 WLt T mlllllw L]

-400
-600
600
400 F
200 - i

V)

-200
-400 ¢
-600
600 ‘
400

= | m

= ““”“w T

-400 £
-600

o

—5/3
“:ﬂ-r_;
==
—
[—— e |

0 5 10 15 20
t - time (ms)
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Equivalent Circuit (3)

| ACtive SW.-FI"eqU. DM VOltage o h""\\|||'!'!,H ‘|||H||1ﬂnr'mn__ T
m Inactive Sw.-Frequ. CM Voltage 20 il ,,f”r”"ﬁmm
£ 0 i m“
uO = uon 9 uﬁO = 0 200 !‘%ﬂlﬂljl!uummu.u.HHM!‘“ITH‘!‘

r_ g dia
u0+ua—L +u, +u,

dt
ro_ ﬂ'i —
u(}+ub_L§.{t +ub+u(ln SE'_
r di,
u,+u,=L—+u +u,
3u,+0= 0 +0 +3u,, 00 ,
200 1 ' e
Uy E 0
-200
-400
400 T
200 ||II|||HI|||||||H ||||H||III||||HH|H (T 0.~

V)

0 5 10 15 20
t - time (ms)
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Differential- / Common-Mode Filtering

m DM & CM Equivalent Circuit

Lo 2%

Wﬂ Co o

1

5 oot bo i°b*
@

e DM Inductor / CM Inductor / Phase Inductors
ETH:zurich APZC 2021
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— Triangular Current Mode (TCM) ——
ZVS Operation
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Full-Sinewave Filter & ZVS Operation

m Sinusoidal Output Voltage
m ZVS of Inverter Bridge-Legs
m High Sw. Frequency & TCM - Low Filter Inductor Volume

" e

L, :

. ~ - S EH =
Ue==  |Mab _— . H %
|- R

3 G .

RUSTNSTN:

40 imp ThT i bl _
= ) A" 5 N
= |t :
8 Of ull"l“"““l” “" LUH |]|H I Usg, 2
S -Qo_fo 'l"i"l"‘"]'lmnl“' _ {_, i

w e NLL Y

0 T,/4 TH;/2 31,/1 1, e .

® Only 33% Increase of Transistor Conduction Losses Compared to CCM (!)
e Very Wide Switching Frequency Variation

1
T2
Time (t)

1
:Sjjr‘l(/li1 II_:I{"

an
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NFO'

Sinus

APEC.2021



Power Electronic Systems
|-I E 5 Laboratory 3 62/152 l@l

Frequency-Bounded TCM - B-TCM

m Very Wide Switching Frequency Variation of TCM - B-TCM

~

,\,/
[

B

40 : : : . M
1+\ :/Il nd l & 3 Il and [ v?a
e i % /\ﬂ .| gl
- ofetl]|) I et g i
S -20 - \ ] L I
24 H z/l/ s
-40 1 1 1 1
600
S
§450
2300
g fﬁ“'
=150} !
U 1 1 1 1 1 1
0 I_:"'/;l :I_:]('/Q 31—‘?1('/4 ]—Yﬂ(' U 1:1('/4 T—:“'/Q 3.1—;1.('/4 T—‘ﬂ('
Time (t) Time (t)

e TCM - B-TCM — 10% Further Increase of Transistor Conduction Losses
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Frequency-Bounded B-TCM - S-TCM

m Sinusoidal Switching Boundaries - S-TCM
m Adaption for Low Output Power Considering f,, ...~ 140kHz

40 . 20

- m “ w A M [ “ = I mmammnmm Mm Wmmnmmm [

Current (A)

oI vmn Il

' Voltage (V)
Current (A)

iL.a "
20} | | W W\/M i
b . . . . !
- [=P,=0% —P,=50% —P,=100%)

ST I = W LTI T
L 0 Time T 0 Time T 0 Time (ms) 20

fsw (kHz)

e TCM > S-TCM = 10% Further Increase of Transistor Conduction Losses
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Volt. Slope dug,,/dt (V/ns)

Energy Loss E_, (pJ)

ETH:zUurich

m Overlap of u,s & Channel Current i, @ HighI,, > 1,

m Temporary Turn-on Due to u;; > uy,

100

30 F
60
10
20 ¢

—_

® “Kink” Current I, Dependent on Inner & Outer Gate Resistance & u,,

650V SiC, Uye= 400V

| —4—3.3 Q

—eo—0

=5 ()

% ! et .-

0

o
10 hsi Teii 30 T
Switched Current I, (A)

dt

dudg

Ry

max Cds + ng ng

Iy = —uth+ug'" 1+%
k Cua

! FEINEIL Residual ZVS Losses

chip
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togdTiCds
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Influence of Motor Cable Capacitance

m Cable Capacitance of Several 100pF/m (!)
m Large Charging / Discharging Current Peaks @ Sw. Transitions
m Increase of Turn-On / Decrease of Turn-Off Losses
m Analysis for IGBTs shows 30% Overall Increase of Sw. Losses (50m Cable)
Lcapie=10m
Vce [V]
500 Turn_on L / Turn Dﬂ-’
PN, S S— w——_— iy gt
SN | — SSNS S O f'|=
W T SOOI PO
100
4 45 02 0 02 04 06 08

3 3.5 4 4.5 -0.2 0 02 04 06 08

t [us] t [us]

— Output Inductor for Decoupling OR Full-Sinewave Output Filter SEMIKRON
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—— Continuous Current Mode (CCM) Operation
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A MEMBER OF THE ABB GROUP

m Sinewave Output & IEC/EN 55011 Class-A M éﬁi%“éiﬁﬁ?
m Low-Loss Active Damping of 1% Filter Stage — Neg. Cap. Current Feedback

|
|

Full-Sinewave 2-Stage Output Filter (1) s

Vienna | Austria
2kW / 400V DC-Link 3-® 650V GaN Inverter (I,=5A), f, = 500Hz
Sw. Frequency f,,= 100kHz

ut,max

v=1 4 ! GaN Power Stage

] = 1

E }_ i Ly Ry
VAN il E

R
fc,=7kHz M
4 LM
GaN Power Stage  Active-Damped Filter \
G Uem
p | | | | 3-Phase Motor |
Ry L ' ' ! T
= [ ————
—O0— ] < : : :
; % Simulation ||
“ Analytical
G . - Discret u
n - I 1
Jc =20kHz 0.8 1.2 1.6 2
Time in ms

— Evaluation of Optimized Inductors — Soft Sat. Toroidal Iron Powder Cores
> L,=200uH / C,=2.5uF | L,=25uH / C,=2.5uF / L,=33uH / R =5.6Q)
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GaN transistors

WEGrbgard Capacitor C'cx

DC-link
capacitors C'p¢:

Filter capacitors
second-stage C'y /2

—

Plugs to
control board

Filter capacitors

second-stage C'o /2 Inductor Ly

™

Full-Sinewave 2-Stage Output Filter (2)

m Exp. Verification — 650V E-Mode GaN Systems Transistors (50m(Q)
m Sw. Frequency f, = 100kHz, Efficiency =98%
m 200mm x 250mm

(Hl“’)\ CH225A CH325A CH4 100V Mlms

ic Measurement

e Stationary Motor Phase Curr. /Voltage @ 2.5Nm & f,,,=250Hz
e Speed Increase from Standstill to n = 3000rpm in 60ms

67/ 152 _I%l
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Full-Sinewave 2-Stage Output Filter (3)

m Modification of Output Filter Structure

m Elimination of Direct Cap. Coupling Between Output and Noisy (!) DC+ (Due to ESR of Cy.)
m For Opt. i.-Feedback C, Realized Using =Linear Kemet KC-Link

o i
! il P‘SL" J_ Lg Ry
JLLE ==
2 o (9 | [%
f— — vy . 0]
Cn S -
sIUL Y] o = L
o o T;p ‘__/__'_J 2
n - Measured filter currents -
O—e i
P .J_-. y—+§ L Lq Ry ’
2 e ¢
Cpc =N Tz Lo
Q J_ . VYN ® &
8 [ (&f l
WS e T
f? N o Cy
: T;g
o—e + o
n =

Mag. in dBpV &

120 T
S - | —— Symmetric Filter
100 - EN55011 Class A| —— Modified Filter |1
80 - '/ =i '_; ] :':‘_' YRR ‘:':‘::_‘:‘_‘_‘;:‘_‘_‘:‘
ot 4 b
40 -
il

e Auto

Output voltage
modified filter

* Output voltage
symmetric filter

@il 500mV Ch2 100A © H200pus A Chl s 120 mV

e Modified Filter > Compliance to EMI Standard EN55011 Class-A

ETH:zUurich
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GaN vs. IGBT Inverter Efficiency Comparison

m Si Easypack 1200V/35A vs. GaN 650V/30A (50mQ))
m 5...20kHz Standard PWM IGBT Motor Inverter (B&R Industrial Automation)
m Efficiency Measurement — Inverter DC Input - Load Machine AC Output

GaN power stage IGBT- module 70 . ]
o— 6of"t T PN -
>~ e L o L o
_MMI p I < 50 : EERRRRS
¢ T ‘ —— AP 20 kHz
0 1 - H 0 —— AP 5kHz |]
¢ | I 1 | I T
n Oliser\éer-basgcfillt L On 030 50 70 90 110 130 150
e el et Output power in W
r‘q ----- Mechanically .
1 1 85
1 : coupled motors <0
i s ]z 1% <
DC Agilent 1 Q %) L =
» 1 = |—0— O— £ -
Source () ®DMM I ¢ 1 = = 10
: = :—o— o 65 /o
J 1 N % . BOL/ A
i 1 1 () Load resistor I |
Agilent DMM ======== . Thermal imager 200 600 1,000 1,400

Output power in W

e Efficiency Improvement of 2-4% in Whole Operating Range
e Low Sw. Losses of GaN Inverter & Low Output Filter Losses & Low Motor Iron Losses
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3-® 650V GaN Inverter System (1) YASKAWA

m Transphorm 650V Normally-On GaN HEMT/30V Si-MOSFET Cascode 6-in-1 Power Module
m Sinewave LC Output Filter — Corner Frequency f~= 34kHz (f,,= 100kHz)
m No Freewheeling Diodes

LVSi  HVGaN
FET  HEMT b

e Transphorm GaN Module G { N >
in_» 1 i — Po s Pm )
P_J(+) -
Ioc —] — —]
Sine wave Filter Torque
Y Y'Y — | Transducer
) u
Voo | —— Y Y Y Vv v v_w( M
Coe (Y YY) & Viw
Le M 2.2kW 11kW
"'[ “'[ _ (3hp) (15hp)
H CF
N O .
GaN 6-in-1 module, 600V

—> Comparison to Si-IGBT Drive Systems
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3-® 650V GaN Inverter System (2)

m Comparison of GaN Inverter w/ LC-Filter to Si-IGBT System (No Filter, f,,=15kHz)
m Measurement of Inverter Stage & Overall Drive Losses @ 60Hz

Sin Transphorm GaN Module Po W\
=
P
S | |
Sine wave Filter Torque
~Yy N Transducer
Voc _ m Ve v [y M
Coc L (Y Y Y i Viw (
Le — 2.2kw
1 1 1 (3hp)
— — — ———,
c
N L(-)
GaN 6-in-1 module, 600V
Pin e Pm
o4 - .
P_LJM
MRS
Torque
L — Iy Transducer
Vee | == ETVo b N
Coc & Ve L\
s 2.5KW 11kW
4 _": } _": } (3hp) (18hp)
N ()

Si IGBT 6-in-1 Inverter module, 800V

98.5

98% > o
97.5
_970
£
£ 965
3
S
& 960
g
g
2 955
g
‘g 950
1R £
(15hp) 945
940
935
930
90.0
0,
80% 9 200
700
£
E 600
<
£
% 500
e
2
3
E 400
E
&
E
2 300
&
200
100

e
=]

YASKAWA

aoomanl

e

0.0 0.5 1.0

Output Power of Drive Po[kW]

//

=#=5i-IGBT  =#=GaN

e
=]

0.2 04

0.6
Qutput Power of Motor Pm[kw]

—> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) !

0.8 10 1.2
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Multi-Level / Multi-Cell
Converters & Modularity
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3-Level T-Type Inverter (1)

m Higher Number of Output Voltage Levels / Lower CM Voltage Steps
m Neutral Point Clamped | Flying Capacitor | T-Type Bridge-Leg Topologies

Line-to-Line Voltage

I rsoéov

N o o

111
o = [»
T
L —

L2ms o C
-

CX TR

2-Level Bridge-Leg 3-Level Bridge-Leg

e More Complicated Bridge-Leg Structure
e On-State-Losses of Series-Connected Switches
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3-Level T-Type Inverter (2)

m Utilization of 600V Monolithic Bidirectional GaN Switches
m 2-Gate Structure Provides Full Controllability

\/
)
I\
.‘

5 B B

=
111
ta

111

BHH 1]

® Ffactor 4 (!) Reduction of Chip Area vs. Discrete Realization @ Same R ,,,
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Flying Cap. (FC) 3-Level Converter

m 3-Level Flying Cap. (FC) Converter -> No Connection to DC-Midpoint
m Involves All Switches in Voltage Generation - Eff. Doubles Device Sw. Frequency

400
200
0
-200
-400

V)

Voltage (

1 TLff T‘w | 2,11141‘

8

——

Soft Hard Soft Hard Soft Hard Soft Hard !
Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr.
(ZVS) (ZVS) (ZVS) (ZVS)

e FC Voltage Balancing Possible also for DC Output
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Scaling of Flying Cap. Multi-Level Concepts

m Series Interleaving - Reduced Ripple
B foe= N £ @ fo-Determined (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology @ HV
400V
° fow
L . O
” 8fL
L ke s
o / _400V
= 1 Nf, Al L i o
\ ) . JE?}@ SVI%L max, N N 2 max,N =1 .
o i i _-_T
JE? I I
=" 20 A - - -
. 0 5 10 15 t{ms
up s S 400V —
Sk
) 2 200V
\ Jﬁ AUcmaen -7 (h)Z 1 ! !
o U 32 f,7 N°® o Lyl g, |
0 2 4 6 8 10 12 14 16 f[kHz]

fSW N .fSW
e Scalability / Manufacturability / Standardization / Redundancy
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SiC/GaN Figure-of-Merit

m Figure-of-Merit (FOM) Quantifies Conduction & Switching Properties
m FOM Identifies Max. Achievable Efficiency @ Given Sw. Frequ.

FOM =

1

Rds,on Qoss

1010

—qe'e

)

= — !

102

103
Rated Voltage - Vismax (V)

e Advantage of LV over HV Power Semiconductors
e Advantage of Multi-Level over 2-Level Converter Topologies

76/ 152 _I%l
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X-FOM of ML-Bridge-Legs

m Quantifies Bridge-Leg Performance of N-Level FC Converters
m Identifies Max. Achievable Efficiency & Loss Opt. Chip Area @ Given Sw. Frequ.

D-FOM X-FOM
b Optimized 1 ..
Gap Die Area .,\.\\)
& Sic> W gl
] S B
A - L
@ +--- T
et
.-
Uye Vse Uy 1 2 34 6 N —
N= # of Levels -1 N |v=2
103 S . 1 10° .
o1
® SiC D-FOM(U,)= X=FOM(Uy,N)=N-D-FOM({U,)
—_ A GaN \/R;n(UB)Cl’)ss,Q(UB) —
E 102 i = 10
= Q2L (N=6) = ML (N=6)
= Benefit «1.5 = Benefit <0
S A—a a1 v ) . ;
e | = _.\[L Advantage
g 10! v 10!
[
10° - 10" = -
10° 10° 10 10° 10 10
Uy (V Uy (V
(V) B (V) I
~
S~
e (ompared to 2-Level Benchmark -> Peermi minm = 14[;/1-2 Peemiminar - Wa
@ Same Filter Ind. Volt-Seconds chipme. = N"A iy o1 !
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7-Level Flying Cap. 200V GaN Inverter (1)

m DC-Link Voltage 800V
m Rated Power 2.2 kW / Phase
m 99% Efficiency = Natural Convection Cooling (!)

Udc
e

400V S D I R B e Lo Nu,
e

-U,

de

DC-Side Control Lecrey

e Signals

Connectors

AC-Side

Connectors

e High Effective Sw. Frequency (6 x 30kHz = 180kHz) —> Small Filter Inductor L,
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7-Level Flying Cap. 200V GaN Inverter (2)

m DC-Link Voltage 800V
m Rated Power 2.2 kW / Phase

m 99% Efficiency = Natural Convection Cooling (!)

71, 800 Uy,

oD

0'/./,/;__.—:.—‘—.\.
3L, 800 Uy,
)u/

Udt
—
400V —1 = S22 1] id i -
No—ICDc 1Crcs | Crcu Cpcs 1Crco {Cren |2 28
100V T &= —‘ETI——IE_J——IH_J——'EI— . T
EI] - | Usr ==
_Udc CO
99.5
* 260 W/in® = 99,0
Cbc Crcs Crea Cres Crea Croy & C, Q;;‘ 08 5
E 98.0
M 975
97.0

.

0

20

40 60 80 100 120
Prated (%)

e High Effective Sw. Frequency (6 x 30kHz = 180kHz) -> Small Filter Inductor L,
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3-O Hybrid Multi-Level Inverter Demonstrator

m Realization of a 99%++ Efficient 10kW 3-O 400V, ,Inverter System

r

m 7-Level Hybrid Active NPC Topology / LV Si-Technology

7 Level
Cfcl
_'ET]_
99.35%
2.6k /kg
Ui 56 W/in

_'E—J_
ANPC FC
Stage Stage
(50/60 Hz) (fu)

e 200V Si - 200V GaN Technology Results in 99.5% Efficiency
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Quasi-2L/3L
——  Flying Capacitor Inverter
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Quasi-2L & Quasi-3L Inverters (1)

m Operation of N-Level Topology in 2-Level or 3-Level Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

Controlled as
single switch

-

Controlled as
|., single switch

|.°

Controlled as
single switch

A 1D D
Mpw

High capacitance
flying capacitor

S o

Controlled as ,//
Only for transient

voltage balancing

Q. 7

Only for transient
voltage balancing

single switch

T T
S

® Reduced Avg. dv/dt > Lower EMI & Lower Overvoltages @ Motor Terminals
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

ETH:zUurich
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Quasi-2L & Quasi-3L Inverters (2)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

m Applicability to All Types of Multi-Level Converters
PP 4 ypes of 3.3kW @ 230V, /50Hz

Equiv. f,,= 48kHz

nnn ) 3. 5kW/dm?
MDD i zggh Eff. z/99m%
o[ % f‘é
R =T le% ::if . X -Jl—c ;: L X
T — i L - iCM\_—j?
LGl | | L
EMI Filter it 5t

® Reduced Avg. dv/dt > Lower EMI & Lower Overvoltages @ Motor Terminals
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

ETH:zUurich APEZC 2021
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Quasi-2L & Quasi-3L Inverters (3)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

— Q-FCVoltage (Uncntrl.)

® Reduced Avg. dv/dt > Lower EMI & Lower Overvoltages @ Motor Terminals
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages
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Ultra-Compact
Power Module with
Integrated Filter

—— 650V GaN E-HEMT Technology ———
fsw,eﬁ= 4.8MHz
f,u: = 100kHz
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Integrated Filter GaN Half-Bridge Module

m Minimization of Filter Volume by Series & Parallel Interleaving & Extreme Sw. Frequency
m Handling of DC Output Requires Flying Capacitor Approach for Series Interleaving

fsw,eff= (M'I) '.fsw

Ve
l /TJ: L

M=5
= . 400V
.fsw,eﬁ N .fsw | M
! bsurn Vi = 2. U VT o
. "“I -'\ N [
Ly ‘ -400V
N @
. C l 400V
k. N 1 s .
| RE RE Rs g A g
lswett = IV Jsw
o TNI: o Tzh T1b N=4 ov u,uf Late aul
AN 0N, 2 4 6 8 10 12 f(MHz
1 Branch fout ' £ (MH)

—> Target: Best Combination of Multiple Levels (M) & Parallel Branches (N)
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4.8MHz GaN Half-Bridge Phase Module

m Combination of Series & Parallel Interleaving

— 600V GaN Power Semiconductors, f,,= 800kHz
— Volume of =180cm? (incl. Control etc.)
— H,0 Cooling Through Baseplate

T o

.
Ui ==

*R=]

ETHzurich

=3

=a|—

el

—
oL
—

il

0w = bm

Uy

# Branches M

—_— N WA LN 0O O

2 3 4 5 6 7 8 9

Y 820 W/in’

Semiconductor Efficiency (%)
Control

|

|

13
|

| .
|

|

|

|
[ 9612% |

Power
Stage
Gate Drivers

\ Auxiliary + Measurements

# Levels N+1 Cooling Baseplate

e Operation @ f,,,~100kHz / f,,, .= 4.8MHz, 10kW, U, =800V
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! Tl @ High-BW High-CMRR Current Measurement

m Extension of Commercial Hall Sensor DC... f,,~ 500kHz = DC... 10MHz
m Low-Pass & High-Pass Filter Network Combining HF-Sensor & LF Hall-Sensor

Combiner Circuit

e [ m—m— === A 600V GaN HEMT P —— —— —— — — a
| I faw = 800kHz | vp Low-Pass |
| Jﬁ Jﬁ s | | Hall-Effect | Y - Jan |
I Ej Ej Ej A Fvett = 4.8MHz Current Sensor : ; . :
| I — Al : Vimeas

Ve | ==+ == ==+ — 0 —> ’_\—)-o + : | (]ump ! +5 |
| ?_- > rad Tsum lioad Sense H]gh-Frequency %\» : :

= 14 1 i o H IL'
N S NCT ST TR S WM L High-Pass :
| RF B3 B3 Viin gy ' L :

v :}’3 :}3 | . Winding\% N;:N, i
L — — — — — U | \'1\‘ il "lI]i 1\'2 (‘im% l‘.'.’.lnl z 300 ﬂ_

R 1 F ool 2 y| | T40kVips
PWM Current - : ; : :
Signals Measurement — Proposed Sensor i / A . 10 | :
* * * ‘ — Reference Measurement i / A <
= 8
Control and Modulation |-—ovn*m E 6t

2 T emn
° iLpp — . VA
e Hall Sensor Bandwidth f,,,= 1.4 MHz 0 e

0 300 600 900 1200 1500
Time / ns

e Sense Wdg. Integrator Corner Frequency f; ,=350Hz
® Low/High-Pass Filter Combiner Network f,.. = 15 kHz
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Motor-Integrated
Inverter Systems
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Stacked-Multi-Cell (SMC) Inverter

Ve, 11
o

Fault-Tolerant VSD

Low-Voltage Inverter Modules
Very-High Efficiency / Power Density
Automated Manufacturing

m Rated Power 45kW / f,,.= 2kHz
m DC-Link Voltage 1 kV

99.5

50 150 250 [o N =6 Vi, —=167V|
| S | 3

.fsw. (kHZ) . o N=1 Véc,i = Ve

ETH:zUurich

Efficiency (%)
8

98.5 L

.....
G ST e
‘‘‘‘‘‘

o e, o . e o
P PP Rl YL P

20 25 30
Gravimetric Power Density (kW /kg)

e Smart Motor / Plug & Play | Connected / Intelligent VSD 4.0
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Motor-Integrated SMC-Inverter

m Rated Power 9kW @ 3700rpm
m DC-Link Voltage 650V...720V

m 3-O Power Cells 5+1

m Outer Diameter 220mm

— Axial Stator Mount

— 200V GaN e-FETs

— Low-Capacitance DC-Links
— 45mm x 58mm / Cell

e Main Challenge — Thermal Coupling/Decoupling of Motor & Inverter
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! FEIN T Multi-Axis Drive Systems

m Common DC-Bus — Single AC/DC Converter / Smaller Cabinet
m Motor Integration of DC/AC Stage — Massive Saving in Cabling Effort / Simplified Installation

ac | |oc
-1 o[ Al 7
| [ac " [bc
, 3 b af === —=— -
Control — ~ — 4f AC
-4 bncH
| DC Power
C[AC \ Network
[ — och o /
3 G YASKAWA
ﬁl—
Control =" —  — " — 7 DC
Inverter

Stage

e Facilitates DC-Bus Enerqgy Buffer
e Direct Energy Exchange @ DC-Bus / Higher Efficiency / Unidir. Front-End
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Double-Bridge (DB) Inverter ——
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Compressor-Integrated DB-GaN-Inverter

m E-Mobility 5...15kW Fuel Cell Pressurized Air Supply
m 1kW Rated Power | U =40...130V | f,,=300kHz | n=280'000rpm / f, .= 4.6kHz

m Low EMI / Low Cabling Effort

1.0
@
B i
Iy &
o5 5
5 =
0.0 o Cooling water Power Control electronics — Control ~ Battery start
1 electronics power electronics electronics ~ switch (not
T, channels Power . Battery start
0 A connection ~ Battery sta visible)
1 semiconductors diode
T.
o 0 = T2 . Compressor
me o o
outlet T =@ Power electronics -

| . Motor - \ ,‘, electronical ctonnector
J} l stator connec ion
s Ton Ta-t_l ﬁ J_ Tr!«il" Tom_i To z_I
I e _— == [ : e
} 'I.': H G —|— ,_} " i Thrust
al | .\

+ J N Lo Ipa L)L foa 1 ., bearing
—— > !
U al b2

UI‘L‘<=) _=G bl M - 7 M M - PN 2 )

cl, - \ PN N <2 Electrical
cl c2
Toaz P Towz |HS. Tocz |H \—/ Toai [P Tons P, Tocs|F connector
3 LR T T
Compressor

N

inlet
Output  Motor * power

filter electronics
connection

Impeller Rotor Cooling water inlet
Journal gas bearing Cooling water outlet

e Integration - 2x System Power Density | 97% —> 98.5% Inverter Efficiency
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Double-Bridge (DB)-Inverter Advantages

m Unfolder > Factor 2 Lower DC-Link Voltage
Lower Transistor Voltage Stress / Lower Switching Losses
m Conventional Inverter Bridge-Leg Processes 2x Instantaneous Peak Power

Upe Jg‘]3 I5 JEI} L, W T JE’& JEI} 1

a - :
1 _—ed00V== b p— P}i
EU U Jf._—-— 8 1 JEII}
L TTT i

u,i (p.u.)

Unfolder

u (p.u.)

Ust
U 400V = J: J: Jg} Lu J—

a
a —
\ N b — @
_ C
}- 1

b
00V== JwF 4§ J;E_
T 11

E

e Access to All Wdg. Terminals — No Problem for Inverter/Motor Integration
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——— Overload | Thermal Limit ——
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*EINnt1s 4 GaN Overload Capability

m Highly Dynamic Robotics VSDs - 3x ... 5x Rated Torque for Seconds
m Smaller GaN Chip Area - Lower Thermal Time Constant
m Packaging Essentially Defines GaN Usability (!)

200V Si 200V GaN 1xSi
100, ‘ ‘ - | 200 100
- | fout = 300Hz ; -
Achib =29 1111}12 Achip = 121111%12 :\o‘ 99; GaN ;ZE/ 150 - 98
Ras = 111m$2 Ras =:10'mS? " 5 ! 3 :7 e
Q
2 g 100
2 = fow = 30kHz 450
Qu-j 98 O f‘sw = 10kHz é 50 Si: T] < 175°C 350
| 0 few=T0kHz | 2 GaN: Tj < 150°C -
W W Semi. De.vice IPCB. o TIM 92:5‘7‘ ‘7‘5‘4 ASLS B 8 B gS ;7 O() l Sb . ' 100 0
DAl Heat-Sink ©1Cu: Via/Inlay Trir/Acnip (Nm/mm?2) Output Freq. four (Hz) # Discrete Devices # Discrete Devices

® 200V GaN vs. Si (Multi-Level Inverter) Comparison
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Motivation

m General / Wide Applicability

— Adaption to Load-Dependent Battery | Fuel-Cell Supply Voltage
— VSDs —> Wide Output Voltage / Speed Range

Voltage Stress

L B |
100 :UFCg:na.x
R
- &
Fuel Poo»m
Cell i 3
= 1 Upc : g
= Low | - ;‘
) Voltage B
T¢1y SN PR EAED-<1 iy Mg St NP~/ PP SN PN b '3
Fuel-Cell  Inverter Motor = ST T T T T I TnnnT Urc min
0 3 Operation [
2 e > Range Current Stress
H,0 ——
PMSM 0 1 1 1 I I I 1 1 I )
0 Power (%) 100

e No Additional Converter for Voltage Adaption > Single-Stage Energy Conversion
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“Qutside-the-Box” Topologies

m Z-Source Inverter > Shoot-Through States Utilized for Boost Function
m Higher Component Stress Eff. Limits Boost Operation to =120% U,,

C\/-\/C B B B

U, = A '

Lx % 4% I

m 3-O Back-End DC/AC Cuk-Converter

15T s s s

L ;in +E Esl_ °b

t—oc

L | o b 3

o——m- |

L
VN 5
. (]

o
0

o o2

!

e Integration Typ. Results in Higher Comp. Stresses & Complexity / Lower Performance
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Laboratory

Boost Converter DC-Link Voltage Adaption

m Inverter-Integr. DC/DC Boost Conv. > Higher DC-Link Voltage / Lower Motor Current
m Access to Motor Star-Point & Specific Motor Design Required

m No Add. Components
F3 B3 B3

I|+

a
b
c

~
I+
'

i 7 P 3 53

m Explicit Front-End DC/DC Boost-Stage

A T g

« ' /_INSIDE

a
b
c

ﬂ
i
'l
L
I3L
ol

||+

% fo% 5%

-> Coupling of the Control of Both Converter Stages > “Synergetic Control”
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Buck-Boost Y-Inverter

m Generation of AC-Voltages Using Unipolar Bridge-Legs

,‘,
~—0 I ’ ’ ~
+| P _ boecersespmeer
\ N
. - - =
I;lj ]lxlﬂ" I(J""} /] N . v ';u--
— — . i
C; i, P

24 = - : | 0: (PMSMY | S
71 [ ‘ 7 1 b, \ U
TR s g e
L = I
I i
LR EE LREL W | uR3 | uER | L7
ol S g I| — ] b T %{M\’%O
l Cq Cy b
TaQ E} Tb2 Ej Tcd: Lo Tad: :IZCr dem :|: Tcﬂ:ﬂ_'_-xj Jr— ¢
Lol “Y-Inverter”

e Switch-Mode Operation of Buck OR Boost Stage > Single-Stage Energy Conversion (!)
e 3-O Continuous Sinusoidal Output / Low EMI = No Shielded Cables / No Motor Insul. Stress
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Sinusoidal Modulation

m Y-Inverter

i )
POTTNG
Tun® Ten®
U ——= _ iLo,a -
e ay - Ag —
' L, &3
Tk Tuln®
n o—
“Y"” point

m Motor Phase Voltages

Voltage

Uan

j [ Boost Regime ] [ Buck Regime

@,,://\/\
» | | T,//(

\l/ Voltage

Duty Cycle

Nl T

7o o TNINANNANOIT
T g

Current

e (Const. DC Offset > Strictly Positive Output Voltages u,y, u,y, Uy
e Mutually Exclusive Operation of the Half-Bridges - Low Switching Losses
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Boost-Operation u,, > U,

- @, @,
m Phase-Module . )i ([(Boost Regime ] | Buck Regime
20, :
I ; i_ o \ ﬂ\ m ﬂ\
[ g /
= o s .\ / . \
U == iy e =, Ul 1.0
i C‘i Lo - i ("o o \‘_/
| Jé} l”ﬂm 5 0.5 / dﬂe \
n o i g i /
0.0 : - | .
1
m Motor Phase Voltages I [
Ty
U,
> S
-U, : ; : ! s ;
'Tm/4 ! ~n : "!;n/"l 0 Tmf‘l Tm/2 3‘1"“/4

e Current-Source-Type Operation
e (Clamping of Buck-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion
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Buck-Operation u,, < U;

m Phase-Module

Ij i loa

IJHE Tl &
v, == - - iy =

! 1J53 l,ﬁlj |

n e

m Motor Phase Voltages

U

Voltage

m b i
T,/4 0 T,/ T2 3T,/

e loltage-Source-Type Operation

Voltage

Current

j

20, ¢
Ui

99/ 152 _I%l

[ Boost Regime ] [ Buck Reglme

0m

0

1.0

0.5F

0.0

NIl

1

0

[

L(,.a
L

il

i

0 T/4 Tu/2 3T,,/4

e Clamping of Boost-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion
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Discontinuous Modulation W

m Y-Inverter

Ha‘

o~ >

LN : b 1, o Eb
p+° D A ) \—— ) a . R 0 &
+ Zmz\ :
' Upg— >O
Tt Tyl '
s Y N
Ui jm— - o,a _ 1.0
G ayq T a, ::C u, . .
(o] o T\:
Tosfue Tosfue 3
a2 :3 u :3 C;) 0.5+
n o—t =
“Y"” point =
0.0
Tal

m Motor Phase Voltages

Voltage
Current

37, /4

1
0

-so o
[ Boost Regime ] : [ Buck Regime
1.5'7n

AVAVAY,

d'm

a /
a
| 4

F—Clamping —

M wmunmmmn [

[

/4 0 T/4 T/2 3T,,/4

e Clamping of Each Phase for 1/3 of the Fund. Period - Low Switching Losses (!)
e Non-Sinusoidal Module Output Voltages / Sinusoidal Line-to-Line Voltages
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Control Structure

e Motor Speed Control

O () (i) (i) g

Motor Output Voltage : Inductor Current i “Democratic”’ Buck-Boost ||1|]+ O_
dq control Control : Control : Modulator I i
Buck fL
Aw
W Mot

+14 - otor
Control d

w dg-Axis B PWM b | e |

Position ;

Sensor

m Cascaded Current / Voltage / Current Control Loops
m Seamless Transition between Boost- & Buck-Mode —> “Democratic” Control

ETH:zUurich
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Y-Inverter VSD

m Demonstrator Specifications

V,[Vrms
e Wide DC Input Voltage Range - 400...750V 230[ ]:_3-5"“' W
e Max. Input Current > 1 15A
0
ValV] ey Y-Inverter )
e R 1200v 8iC 0 1B heme
_—___.T_-;' o- 0..230Vrms
Jo& % Ja‘j: y_ﬁ} 15‘3 Jﬁ ==
) v L Lo =
\ » Tl ] %
o L |E3E3 Jqu'JEgT JEQTJS}T o ot
Buck Stage Boost Stage

e Max. OQutput Power - 6...11 kW
e Qutput Frequency Range - 0...500Hz
e Output Voltage Ripple - 3.2V Peak @ Output of Add. LC-Filter
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Y-Inverter Demonstrator

DC Voltage Range 400...750V
Max. Input Current + 15A
Output Voltage 0...230V,,. (Phase)

e Qutput Frequency 0...500Hz
e Sw. Frequency 100kHz
e 3x SiC (75mQ)/1200V per Switch
e IMS Carrying Buck/Boost-Stage Transistors & Comm. Caps & 2" Filter Ind.
Output Filter 3-® OUtEUt ngg:gl PC Input

Inductors

: Main
Inductors

m Dimensions =2 160 x 110 x 42 mm?3
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Y-Inverter - Measurement Results

m Stationary Operation

Upc= 400V

U,= 400V, (Motor Line-to-Line Voltage) J

fo = 50Hz

fow = 100kHz / Discontinuous PWM

P = 6.5kW 100V/div 200V/div

10A/div 1V/div

e Line-to-Line Output Voltage Ripple < 3.2V
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Efficiency Measurements

e Dependency on Input Voltage & Output Power Level

Up,= 400V / 600V
U,= 230V, (Motor Phase-Voltage)
fow = 100kHz

el ER S Um:400V -
ol Un=600V —

Filter Filter Semiconductors DSP / Fans / pog

Inductors /Capacitc? \ Auxiliaries
; /
\ ] Buck-Boost
\ Bu(:k(SQ) Inductors
)/ @ # \ Filter

Buck(Cond AT o
Boost(Cond) Capacitors

L

065 -

System Efficiency 7 (%

w
i
wn

/
Buck-Boost
Inductors

-
o

System Power (kW)

> Multi-Level Bridge-Leg Structure for Increase of Power Density @ Same Efficiency
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EMI-Limits (VSD Product Standard)

e IEC 61800-3 —> Product Standard for Variable-Speed Motor Drives
e EMI Emission Limits -> Grid Interface (GI) and Power Interfaces (PI)
e Application —> Residential (C1) or Industrial (C2)

Grid Interface Power Interface Power Interface

150}(HZ 10 10 30N|IHZ 10 l(sz
1 1 1 1 1 1 11 l 1 1 'l L 1 1 11 I 1 L L Ll I 1 1 L -
( Conducted EMI Limits i Radiated EMT Limits )|
| . |
i I 1 ]
(__ GridInterface ),  (_ Power Interface ) : (_ Overall System ) :
(dBuv) . (dBuv) I (dBuV/m) -
80.—|79 C2 73 8()*—|80 Cl* 74 I Oy ) [
66 : 56 ! 60 § i i i l 40 [ - ‘
- ! ‘ 40
Py S S : Cl
150k S(Z;Uk S!M Sl)lM : 150k SdOk 51‘;4 30IM I 30M 23£JM lb
(Hz) | f (Hz) : f (Hz)
C1: Residential (CISPR ClassB) | C1": C1 & Unshielded Cables > 2m i C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A) | (CISPR Class A+ 1dBuV) i C2: Industrial (CISPR Class A)

m EMI-Filter Design for Unshielded Cables > 2m and Resid. Applications (Cond. & Rad.)

ETH:zUurich
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Conducted EMI-Filter

e Separate Cond. DM & CM EMI-Filter on DC-Side & DC-Minus Ref. EMI-Filter on AC-Side

! 1., =20uH
' - —— -0
Lan Lo ! ||C=1uF ] ¢
DC+ . 10uH 23mH 0 Lpe=5uH L, 20pH - ob
o NN N6 - “HHF - — oa
: P = :
2 I |
Coc . H C= Ce e
—— | +EE 12“;: ]pl"_ lli_ CH:
¢ Co= i ! Ciileo T T 25uF
|| LSuF R
P o 3x1.2ky
DC- o 75mQ SiC ; )
o——llEl° - = R )
Conducted | Conducted
EMI Filter EMI Filter
DC Side AC Side
Cs, (on the back)
e — _-———O-
WE=Se WS WEe (B
74435581000 74435581000 74435581000
D8301 D8525
0
WES  WES
TA435581000 | 74435581000 74435581000 | [N
D8301 D8525 D8525
Lem Lom Com=Cy Lt

—> Low Add. EMI Filter Volume — 74cm? for Each Filter (incl. Toroid. Radiated EMI Filter)
—> Total Power Density Reduces — 15kW/dm? (740cm3) > 12kW/dm? (890cm?)
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Conducted EMI - Experimental Results
e Measurements of the Cond. EMI Noise on the AC-Side (QP, with 50Hz AC-LISN)
) /i 77 ¢ LISN R
Ly~ Low= | [|CTwF :é‘:‘- ‘
DC+ . 10uH 23mH Lo Sul I L 20pm —— -
i B S I ST S S 6
- e
0, | o | b S ] NN
120 ¢ l5?kH7 BD?kHz 301\-[!(7
E 80 ———.-|E ;
an) I
= W“L i ﬁ”“lm [ W‘!L
40 ;‘I.‘n‘| | il
7 Wi "“““"w"“"*"IJ'*UJ.WNI.,'J"l.J' MWM
) ?()“ ‘ 1E]“ 1(‘1* f (Hz)
—> Small 80uH CM-Ind. Added on AC-Side - (3cm? of Add. Volume = 0.5% of Converter Vol.)
—> Conducted EMI with Unshielded Motor Cable Fulfilled
ETH:zirich
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Measurement of Radiated EMI-Noise (1)

e Equipment Under Test (EUT) Placed on
Terminate All Cables on AC-Side & DC-Side (Total (

=1.5m)
e Measurement of Radiated Noise with

cable

AT TTT® T T T T T "
1 Nk H i RP
af T T L '
E:‘ : : D EUT1 c : : ] | ‘ ‘ :‘
| I EUT (BDM) { ! ! L= o ! Antenna

sl I 2 | u = Measuring distance

l ,{' -vlf""'P"“'lll- H L:(3.0£0,1)m :
T I
E Lo |
| | |
| | ~, |
F ,! ! (12£0,1)m I
| I a |
b %l : I
Motor | ! ﬁ”'%«?‘ N.:EQT: I
| 4 |

— : MAD 3‘| g Cmanat repaHi| OATS, SAC: groundplane
o L 2 "
. IEC 61800-3
— [ ]
m Either or Special Needed

m Alternative Pre-Compliance Measurement Method

ETH:zUurich APEZC 2021



Power Electronic Systems %
'Eh ’ 110/ 152 1 |

I'— Laboratory

Measurement of Radiated EMI-Noise (2)

are Dominant Source of Radiation
e Relation Between Radiated

MULTCONDUCTOR
OR POWER to " fleapie * Iem A <1
r Z— cable
oo SRaE Eol o
> Ho - lem A,
: | r 3> Leavie
gLt
CLAMP.ON COAX
CURRENT
PROBE
E (dBpV/m) Icm (dBpA)
60r 57 31 58
RGP 2 C I
up to 250MHz o : o
e i Cl |
"’; 30M 23(:)]\/[ |;G 30M 330M 1G
Q\V\% f (Hz) f (Hz)

C1: Residential (CISPR Class B)
C2: Industrial  (CISPR Class A)

m Max. Allow. EL. Field Strength of
m Current Probe Impedance of 6.3C2 (F-33-1)
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Radiated EMI-Filter Design

e Single-Stage HF CM-Filter on DC-Side and AC-Side
e Plug-On CM-Cores (NiZn-Ferrites)

(L, =20pH Lyr |
L= Lew= | ||C, 1uF —— - - C
DC+ L o 10pH 23mH 0 LposuH I L —20uH — - m-——ob
HT_W - HC=ULF - J— i oa
| | - |
! . Cre H = ; 11 _1 I e
I| : i__ +__ lzu&_ 1}'”: l l CI2 T T R __CYE‘AC
[ Cane i Fc b Coeo | T 1 2.5uF P e
¢ 100F| ' | |LSpF i 54uF ; [
i - P ERE N ; o
DC- | o b q} 75mQ2 SiC ; Do =
- T .o L R = N
Radiated Conducted Conducted Radiated
EMI Filter EMI Filter EMI Filter EMI Filter
DC Side DC Side Y-Inverter AC Side AC Side

Cy2,pc (on the back)

7 Poves

i“

CfZ

(on the back)

—> Additional EMI Filter Volume Already Considered with Conducted EMI Filter

—> Total Power Density Slightly Reduces — -
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Experimental Results - Radiated EMI

e Y-Inverter Placed in Metallic Enclosure
e Measurement Setup
e Alternative Measurement Principle

| Lan= Lo || Tur f
DC‘!‘ I,_I:f_“i ________ /_____19_“!{__2_’%'31?‘_, Lpc=SpH . I L-20plL :
o - - -o—— Hc 1uF - ]
o o ! [ |
P e : - :
1 i i 1 i Coc™ — — = J N N J R I |
L b= S ~85u 14| IuF c I T T 7T T T i
I o I'i e : T | 1 - -1 2.5uH 10nF i
P 1| LsuF ‘ —54yuF |
o L "}}Jxl,zw —
I L \ 75mQ Sic . |
e — e e e e s oo 2 S S S
L
AC
e 53
p— H
O
o 20
=3
m
=
S
0 Hl L H .
30M 250M 1G

—> Already Noticeable Noise Floor
—> HF-Emissions Well Below Equivalent EMI-Limit -> Final Step:
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3-O Current Source Inverter Topology Derivation

m Y-Inverter > Phase Modules w/ Buck-Stage | Current Link | Boost-Stage
m 3-OCSI > Buck-Stage V-I-Converter | Current DC-Link DC/AC-Stage

i 1”315353_33 R3] B3

oq
o)
Foc

N Jq} JJ§'J53+ J53+JE|3=|=

N/
~(O)> - [T
oo TJE'EE Pl
7 TEyEy Ry
LE e I
Ruoe Sy SRV
) TQIE}T;‘EI}TSIE;* C

—> Single Inductive Component & Utilization of Monolithic Bidirectional GaN Switches
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3-® Current Source Inverter (CSI)

m Bidirectional/Bipolar Switches - Positive DC-Side Voltage for Both Directions of Power Flow

+O

—
Aok

_—
= A
B

1%
&

|/

— Tﬂ:} : I l ob

e Monolithic Bidir. GaN Switches = Factor 4 (!) Reduction of Chip Area Comp. to Discrete Realization
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3-® Buck-Boost CSI (1)

m Monolithic Bidir. Bipolar GaN Switches Featuring 2 Gates - Full Controllability
m Buck-Stage for Impressing Const. DC Current / PWM of CSI for Output Voltage Control

-400

ETH:zUurich

-100 F

-200 t

Y

100 s

400 ‘ ‘ ‘ ‘ ‘ ‘ ‘

200 |

-200 |

10
t - time (ms)

e Conventional Control of Inverter Stage > Switching of All 3 Phase Legs (3/3)

20
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3-® Buck-Boost CSI (2)

m Monolithic Bidir. Bipolar GaN Switches Featuring 2 Gates = Full Controllability
m Buck-Stage for Impressing Const. DC Current / PWM of CSI for Output Voltage Control

400 L L

2000 1 1 [

—— Upe

-200
| —0
S Y — Upn
-400 L
a0 —ft— Y ‘
20 N / Qu
= 0
-200 |
-400 SRR SRS SRS —
0 5 10 15 20

t - time (ms)

e (onventional Control of Inverter Stage —> Rel. High CSI-Stage Sw. Losses
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3-O® Buck-Boost CSI (3)

m “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase < -

~

20f .l

0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs (2/3 Mode) —> Significant Reduction of Sw. Losses
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3-O® Buck-Boost CSI (4)

m “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

400 ————

po [ B

—
—

of

400

2000 N

-200 ¢

0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs —> Significant Red. of Sw. Losses (= -86% for R-Load)
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3-® Buck-Boost CSI (5)

m “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

100 Prcm— s o
ST AN
-100 -
200 ©
0 5 10 15 20
400 :
200 = 1 1
E
2200 |
400 S l
0 5 10 15 20

t - time (ms)

e Operation for 30°Phase Shift of AC-Side Voltage & Current
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3-® Buck-Boost CSI (6)

m “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

2000 1

e

V)

00\ A

-100 ¢

-200

400

200 | BN B Y

(V)

400l
0 5 10 15 20

t - time (ms)

e Operation for 90°Phase Shift (£90° — Limit Case for Buck-Stage Current Control)
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3-® Buck-Boost CSI (7)

m Implementation of “Synergetic Control”
m DC-Link Ref. Curr. = Max. Value of AC-Side Currents

Speed & Torque
Controller

— 400

300

3/3 Mod. (ip=const.) > T NN N Fire ¢ =20
2/3 Mod. (6-Pulseiyg) > 10K 77O OO, N 100

Partial 2/3 Mod. = - e.e.0.0.0.0.0.0.0.C 1,
Full-Boost Operation - y Y Y X X ¥ X Y Y XY o

- ‘ = i : v, -1

e Seamless Transition from - JoNnAN A
Buck to Boost Operation ~ ™0 L v -200
0 20

ETH:zUurich
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3-® DC-Link AC/AC Converter Topologies

m Current DC-Link Topology m Voltage DC-Link Topology
e Application of M-BDSs e Standard Bridge-Legs
e Complex 4-Step Commutation e Low-Complexity Commutation
e Low Filter Volume e Defined Semiconductor Voltage Stress
e Facilitates DC-Link Energy Storage
. REE | ERR
4 F—--— _— 2
B b - B
° - == _—
C c e ) C
' ' 111 - T 1] _— I
I :t‘f :ﬁ :[: : :t; :t; L T 3 b3 Jﬁ} R T
L - LT

e Challenging Overvoltage Protection e High Input / Output Filter Volume
e Lower Control Dynamics
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200kHz SiC Current DC-Link AC/AC Converter (1)

m Normally-On T0-220 1200V/6A SiC J-FETs — Built in 2008 (!)
m 1200V/10A SiC Schottky Series Diodes
m X7R Ceramic Filter Capacitors

- t
: . >-L| m[’ Lpc/2 R-L-type Load
Mains EMI Input Filter g, h Shp 1 Sie Spaf Sppp Spe Leyiow — (Mains)

a Uy, Uz, iy A
. .-Y
b S Uy Uyp * B
) G # Drw T
c Uy Uy e C
o ! -. d

l-_._:,lzs— -4 -lcC

U; J' [ l S S s s S ) 4 Ry y l}
rb== = na nb ne An Bn Cn — "y
sf LI T } _[f e T T L o R A P

i_—-t USOHZ . g == g ‘__i
2 A
3ph 3ph Sap Sna pr Snb Scp Sn:: ."““2 SpA SAn spﬂ SBn SpC S('n 3p 3p 3ph
oB| | PLL [ ]]]] [ ]]]] s aB| | PLL
u ml U | @1 Input Stage : Output Stage Y; ’204 DB l‘Zal U
of SPV Modulator : SPV Modulator ref [[— o
le— :
dq '
uml iulq ~(0 PT,
+ + i 4 i,

Output Power
Feed-Forward

e Natural Free-Wheeling Current Path for Gate Driver Power Supply Loss
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200kHz SiC Current DC-Link AC/AC Converter (2)

m 7kHz DC-Link Current Control Bandwidth
m PCB-Stack Construction — Power | Gate-Drive | Control Board
m Coldplate Cooling

Input 400V, . Line-to-Line
Output 0...300Hz
Rated Power 2.5 kVA _
2.4 kVA / dm3 DC Link = AC Input
(40 W/in3) Output Filter Inductor RS
Capacitors

Output CM
Inductor

Input Filter
Capacitors

DC-Link
Current Sensor

Output 3
Current Sensors 230 x 80 x 65 mm

e Low Volume Powder Core DC-Link Inductor (320uH)

= [ A
\ T, 5 A/diV

. 2

. 200V/dily
i 5 Aldiv \ I

K N1/ h

w200 vidiv TN A

5 ms/div

r_ b | - s | T
.4» e - W B

upe, 200 V/div
inc) 2 Aldiv

;'v__ o oty w. —m‘ﬁn
2 ps/div 4

124 /152 _Igl
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Attenuation (dB/uV)

200kHz SiC Current DC-Link AC/AC Converter (3)

m 7kHz DC-Link Current Control Bandwidth
m PCB-Stack Construction — Power | Gate-Drive | Control Board

m Coldplate Cooling

— Conducted EMI |

QP, Class /

.

.

p= AR WARY
M

D

150k

Frequency (Hz)

125/ 152 _I%l

EMI Filter
L - L
p F, CM,2 Ly, s Liamy Loaga Lom,1 - €M1
I - - - 0oA,
VAC W380 35 uH at L— I sspHat VAC W380
3 x 11 turns L=44 A L =44 A 3 x 11 turns s
b= > S )
s :
Zc |o—ono l - . g - °Cy S
67 D ) § | LIl
DM,3 DM, 2= d CM 1 DM,1
3x2pF 3x2pl~ TTTCCMZ o 3xl4nPTTT 3x2pF
PEO 3x19nF > PE
LS
-
Placed on EMI Filtering PCB Placed on Power PCB

e Low Volume Powder Core DC-Link Inductor (320uH)

APEC.2021
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! FENETGd 3-O AC/AC Matrix Converter

m Indirect Matrix Converter (IMC) m Direct Matrix Converter (CMC)
e (SI-Type GaN M-BDS AC/DC Front-End e 4-Step Commutation

e Z(CS Commutation of CSI-Stage @ i,~0 e Exclusive Use of GaN M-BDSs
e No 4-Step Commutation

3
: iz
Z[:i :l:i Z DJE?}QL%JEI} I g Lem A
O - . > i e
N = %— B v -3 e - — S
c — C c L = C
= —L—-—— H— |H H ———-—La _L==__ __==_L°
T_'jzlé :[1 z[i ekt TIT 1T - TIT
L Exil
kxi
3
— Higher # of Switches Compared to CMC — Thermally Critical @ f,,; = f;,

— Lower Cond. Losses @ Low Output Voltage
— Thermally Critical @ f,,, 2> 0

ETH:zUurich APZC 2021
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3-® AC/AC Converter Comparison

Direct Matrix Converter

Application of M-BDSs | 9 Switches
4-Step Commutation

Complex Space Vector Modulation
Limited to Buck-Operation (!)

m Current DC-Link Topology

Application of M-BDSs | 12 Switches
4-Step Commutation
Buck-Boost Functionality

[ ]
[ ]
[ ]
e Low Filter Volume

/

Lew @ 5
:l:i normally ' jjé—F
on
- Bz
a A a Lew A
b B b S = ]2.
c C ¢ 3 = C
® ® o L T oj: FO_ 1T —L 0
l 11 11 l T T
L L iR
Exd
LR
e (hallenging Overvoltage Protection e (hallenging Overvoltage Protection

ETH:zUurich APEZC 2021
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Matrix Converter Monolithic 3D-Integration

m  GaN 3x3 Matrix Converter Chipset with Drive-By-Microwave (DBM) Technology

- 9 Dual-Gate GaN AC-Switches

- DBM Gate Drive Transmitter Chip & Isolating Couplers
- Ultra-Compact - 25 x 18 mm? (600V, 10A - 5kW Motor)

Source: PANASONIC 155CC 2014

5.0GHz Isolated (5kV,.) Dividing Coupler

Rehronce 2
Port2

(To RF-triggered
bidirectional switches )

1.2mm et ‘ Port3
4 .. “ »R fi 3
— \) eference
o/ ‘

A; 151“‘“

Port1 RF-Output
(From DBM TR
transmitter ) RF-Input ’ » »
Portt [ PR ol
PorE phr
PCB 028mm

DBM gate drive Isolated
transmitter chip dividing
couplers

PWHM signals

GaN integrated
bidirectional
switching chip

128/ 152 _I%l
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Future Development

m Commoditization / Standardization
m Extreme Cost Pressure (!)

“There is Plenty of
Room at the Top” > Medium Voltage/Frequency

Solid-State Transformers

Standard / L 100kw
Integrated =2
Solutions =l

,%D

A System

Applications r -~
J .o

“There is Plenty of
Power-Supplies on Chip € Room at the Bottom”

10W

e Key Importance of Technology Partnerships of Academia & Industry

ETH:zUurich APEZC 2021
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m Utilize High Computing Power & Network Effects in the Cloud —> Cognitive Power Electronics

Source: Dr. R. Sommer

SIEMENS
+ - Passive Components Intelligent Gate Drive Unit
(Filter, de-ink. -..) + Semiconductor protection (overcurrent, overvoltage, ...)
d._,, i Sensors * Collecting and preprocessing of sensor data (current,
NEMETIG WA 2 oo voltage, temperature, ...)

[ Power Semiconductors + Semiconductor specific condition monitoring functions
L) (IGBT, SiC ...)

— >} cate Drive unit (GDU)

Gateway (e.g. intelligent digital GDU)

A I
Sensors
(Speed,Temp.)

Customer
Automation

Internet
Gateway

Internet
Gateway

e Sensing & Computing on Component Level | Converter Level | System Level | Application Level

130/ 152 _1@
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3-® / 1-O Full-Power Operation
of PFC Rectifier Systems
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3-@ / 1-@ Full-Power PFC Rectifier

m 4-Wdg. CM Filter Inductors & Add. Diode Bridge-Leg
m Interleaving of Bridge-Legs in 1-@ Operation
m Application as EU/USA EV-Charger Front-End

-~ -~
- = nd Stage 1 Stage . i
A3 Type II Type 11 | | I *
‘-" I \ r \ [P - -
e Lam2 Ly J'— Jl— JI— c _l:l
] . ] - - A de
; i ! — — B O _L_?Yr'_‘ O
1 I cm0
- L _— C I
| | === === - - - 2 =
. : IS8 WST Yo I et
' ! ('dmZ (-J
e e ® o

o 22kW / Uy=750V / U, = 3-® 400V OR 1-® 240V | 98.4 % Efficiency | 6.8 kW/dm? Power Density

ETH:zUurich APEZC 2021
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Accurate Measurement of
SiC/GaN Power Semiconductor
On-State & Switching Losses

ETH:zUurich APEZC 2021
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On-State Voltage Measurement (1)

m Device / Load Current / Gate Voltage / Junction Temp. - On State-Resistance Ry,

Vdc —~ 10 . . T
o—y = 1
oo b1
P e s s s v )
v iy L, I, Vy @ ;- ®
= - L > — .
CdL E‘, L dR.. i I ]
U - : ] on “L ]
2| v, == [|r ¥ o) | ' o
s =T
g eT "

Sw
Vs

Roston) = Voston)/ T

1 (@)

2.5 5

=
=

DS

e Decoupling High Blocking Voltage and (Very) Low On-State Voltage (=1V << BV/,)

ETH:zUurich AP=C 2021
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On-State Voltage Measurement (2)

m High Accuracy —> Compensation of Decoupling Diode Forward Voltage
m Fast Dyn. Response —> Valid Measurement 50ns After Turn-On

1V/div
DC 50Q
Ch. 2:
200V/div
DC 1MQ

4 V/div
DC 1MQ

Horizontal
40ns/div

20ps 5GS

0 40 80 120 160 200
Time - ¢ (ns)

o T T ] 9 5

14

vgs/iL (a.u.)

1.2

dRou (Il)/Rdl (TL)

eoeoe [}

0.6 BV

0.2 19]/11S I
0.4 BV, ||

0.8 BV

1.8

O
18 M

161

16 [

14
1.2
1

e 50kHz
e 100kHz

o 200kHz

14
1.2
1

e 10.0A

mo 15.0A ——

-5 0 i} 10 15 40 60
Time - ¢ (ps)

80 100

Case Temp. - T, (°C)

40 60 80 100

Case Temp.

-T. (°C)

40 60 &0 100

Case Temp. - T, (°C)

e Example — Dyn. Rys,,) of GaN HEMTs > 2x Ry ,,) @ 100kHz - 0.6BV g

dn
B-2 ___ Nl
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Switching Loss Measurement

m Heat-Sink Temp.-Based Transient Calorim. Method = 15 min / Measurement

)
— 410
SRS W
amb ab = Q
T gl o/ & D o
Heat = R g 50 / i
\ Spreader Thermal £ 34 /
5 ot Insulating Heat Fad —E 32
=l Box Sink @n 30 —— Measurement
Insulating <~ /’ @ — Model
Box  Heat Sink = ‘
o 0 250 500 750 1000
Time - ¢ (s)
m Case Temp.-Based Ultra-Fast Method = 15 sec / Measurement
:6 100 13—\'{},7 _____________
T, T, N g i
' s
Heat - e E 60 M = = = High-Side ||
Spreader Cinn Y Thermal é f = Low-Side
A Pad I
Tnsul : L i
nsul a; 2 i ]s_;lli‘ll: E:’ 40 === Mcasurement
g === Model
O 20 . '
Sp 0 20 40 60 80
amb Time - ¢ (s)

ETH:zUurich
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Example Measurement Results

m 650V GaN (2ZVS) m 200V Sivs. GaN (Hard-Sw. & ZVS)
4 \ —T T = 180 e T T T
¢ w0 Cua | = 2 5o | = OptiMOS 3 FD
S Lﬂi —e— EPC 2047
. S 120 | ©
- 0 @ @ Tj,-based
2 %
= i 90 F e T.-based
5 —
M oo o 60}
11 £ a0}
0 ,y/.‘ Lone) o s |- UBJ 0 M \..“..“.\ | I L
- 95 215 2 _E =4 =4 E
0 10 20 30 40 50 30 -25 -20 Slo.t(ioedoc 0 tu IlO (}:) 20 25 30
Switched Voltage Slope - duvgs/dt (V/ns) T
’.é‘ 06 R E N SR EEIER TE TE SR A SRR N R O - 200 s 200
E o5 . — OptiMOS 3 FD
e . 160 — EPC 2047 160
C04F o e 120 : 120
& e R = =
2 0.3 Z Z
';8 Vet — . } erUDC _;f, 80 EDE 80
%0 0.2 T ' T4 ] 40
& 0 =
0 5 10 15 0 40 80 120 0 40 80
Switched Current - I, (A) Time - ¢ (ns) Time - ¢ (ns)

m 1.2kV SiC (Hard-Sw.)
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CM/DM EMI Separation
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» 3-O DM/CM EMI Measurement & Separation

m EMI Measurement @ Inverter Output
m DM/CM Splitting for Specific Filter Design

Input B

DM Output B
;

DM Output C 4 Input A Power

Supply

Power
Input
/

CM Output DM OQutput A

Inverter

DC—+ =
| =
[}
Ve == E
& &
5
[o ~i

DC-

Ry
E‘( i RL o ﬁ* Jie [ wAi| R
1
Riotn 500 UDM,out,a
‘7 op,a Cl. Il i RF
Chioeks R R
b & A') Ruu b
TS g
50 VDM, out,b
Ct:pb (e HL Ll RF '
C Chiock,e RL p LG % R.)m.r:
— o
% QRH 50 UDM,out,c
% '
DA7 R,uom
500 VoMout
oF .
: 17dB 1 I-..-
20 F-C0 00 SocdobEHeSSSSpogagobbrbesast o
— CMRR A B ‘;9 dIB
A0 F CMRR B Passive e i . }
CMRR C e Af T SO
| 205=" . /T 1 1
60 = — y | -46dB
m = — o i
80 Robememt Active i
1 1
10° ! 10° 107 !
150kHz Frequency (Hz) 30MHz

e (ap. Coupled Interface Circuit as Replacement for LISN (Var. Output Frequ.)

dn
C-1 Nl
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Power Electronics 4.0
Cognitive Power Electronic Converters

A Few Spotlights
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Cognitive Power Electronics: Converter Level

Key Question

» How to leverage artificial intelligence / machine learning (ML)
techniques in the context of power electronics?

Converter Level
» Design
» Control / Operation

» Maintenance

ETHzurich

iy S}

Converter Level

Grid

— T

AC

DC

L+
T

DC

AC

o

i
131/152 ___ Nl
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ML Applications in Power Electronics Life Cycle (Examples)

Design

2

Control > Maintenance >

Inductor Modeling

» Design speedup (50’000 designs/s) by replacing

FEM simulations with trained ML model

ETHzlirich

Spec. / Obj. Machine Learning Alg.

Design Results

Ratings
Topology
Excitation
Cost / loss
Mass / volume
Reliability

Blackbox / greybox model
No direct physical meaning

L 1T [ T 1

Training Data (measurements, simulations, datasheets, papers, etc.)

T ET . E Il

https://ai-mag.qithub.io/

PP T. Guillod et al., “Artificial neural network (ANN) based fast and accurate inductor modeling and
mzurICh design,” IEEE Open J. Power Electron., vol. 1, 2020.

Heat Sink Optimization with Genetic Algorithms

» Commercial » Optimized

30% lower weight
10 K lower temp. rise
Better temp. homogeneity

T. Wu, B. Ozpineci, and C. Ayers, “Genetic algorithm design of a 3D printed heat sink,” in Proc. Appl.

Power Electron. Conf. and Expo. (APEC), Long Beach, CA, USA, Mar. 2016. APECW 202 1


https://ai-mag.github.io/
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ML Applications in Power Electronics Life Cycle (Examples)

Design >> Control > Maintenance >

Current Control with Neural Network Sl K=10) » Hysteresis Comparator
. ‘\\
» “Neural Comparator” replaces hysteresis comp. /N/‘
0 f =~
* — 2.5 ‘ | ;
by 0 10 20 30
[ msec ]

(a) Hysteresis comparator

INV.

[A] K=01] » Neural Comparator

2.5 ]
m Better fault tolerance
0 " M (loss of phase c current meas.)
2.5} :

(b) Neural comparator 0 1'0 Qb 30

ISEEES

o

Network

1 9 89 ( |) (b) Neural comparator [ msec ]
L]
T F. Harashima et al., “Application of neutral networks to power con¥ester control,” in Conf. Rec. IEEE f—
mzurICh Ind. Appl. Soc. Society Annu. Meeting, San Diego, CA, USA, 044 1989. Ap=c 202 1
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ML Applications in Power Electronics Life Cycle (Examples)

Offline

Design

Maintenance >

>

Control >

Online

Offline Learning Model Training

Online Fault Diagnosis

Historical Measurement Data

‘ Phase A Current

‘ Phase B Current

Online Measured Data
{ Phase A Current J

{ Phase B Current J

‘ Phase C Current | ‘ Phase C Current ‘
¢ Sampling ‘ FFT

Data Acquisition Online FFT results
| Various Fault Modes | :
[ Various DC-link Voltage | :
[ Various Load Conditions | . .

%o, 8

| Speed Variation Transient | oP8iosusssessannssns

‘ Labeling

!

Fault Dataset for IGBT & Sensor

Online Feature Selection Result

°

%00

o ° °
0000000 000%00 00 o 000

!

Online Fault Diagnosis

—4»{ RVFL Classifier

T lia | ts | dfc || £ | da|in|ic
1 23
22 31
Feature Extmctl'a4 Feature Selection
FFT + ReliefF
[ Labels | I Features |
| ReliefF Algorithm |
[ Quality Estimations |

‘ Training

Fault Diagnosis Model

RVFL Classifier

}_

!

Fault Diagnosis Result

| Fault Type | | Fault Location

ETHzurich

B. Gou, Y. Xu, Y. Xia, Q. Deng, and X. Ge, “An online data-driven method for simultaneous diagnosis of IGBT and current sensor fault of three-
phase PWM inverter in induction motor drives,” IEEE Trans. Power Electron., vol. 35, no. 12, Dec. 2020.

Data-Driven Detection of IGBT and Current

Sensor Faults
IGBT open-circuit fault

Tek Prevu e —

A%

» Inputs: phase current measurements

» Output: fault type and location

D.
: ol ot G
" Fault t/i@ﬁnb&i& .@iﬁndl \ ?’0 : o ' Y 1
3 e e I R R
. ‘CHI 100A /div 00. CH3 100A/div CH4 1V/div Time 10ms/div
lde
>
oLt T Tu@ Tuejg Sensor offset fault
TR D, Ds ! Ds Tek Prevu — Noise Filter Off
A--> : : : : : : : : :
o Voltage IA FIETE S M > { M forovnemdie v o vt ve ne Tannze we - SRS eoOR ¢ | ]
Sensor in c L L o \ Al /1(‘ : : ) :
R = 17T b
U2 7= Tl Tel T.) Current - :
D, Dg D, |Sensors 4 2

[ rememme e e ecee e e e e ———— Speed
; ]
Command Signals \ Sensor

ia |is [ic

G L CommandSignali , o T —
\ 4 TS] T-“] f\‘z T-"s TM TSs TW: YVY : : : : : : ;'Ilv g

St
CHI 20V/div ( ( L i i0
CH4 200A/div[10.0ms

i il L
J@ roav 157326kHzf0s817 )

APEC 2021

Control System |<_wx_ :
CH3 200A /div
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ML Applications in Power Electronics Life Cycle: There are many!

Design >> Control > Maintenance >

» Opportunities
= Mighty tool for a wide variety of engineering activities
= High computing power becomes cheap and ubiquitous

= Use-case-specific benefits over conventional /
deterministic methods must be clarified

» Challenges
= Training data quality and quantity / ability to generalize

= Black-box / statistical nature of ML models
vs. safety requirements

= Cybersecurity

Al/ML techniques should be part of
a modern PE engineer’s toolbox!

ETH:zirich APEC 2021
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Cognitive Power Electronics: Beyond the Converter

Key Question

» How to utilize PE sensing / computing capabilities for
improved interaction with immediate surroundings?

System Level

Converter Level
» Example: VSI with necessary sensors 4 mara
= DC Voltage ‘ DC T+ AC @

= Phase currents

hy S}

Control \ s

V4
Vi Lys By 1

5

ETH:zirich APEC 2021

|

D99

Grid
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Example: INFORM (Indirect Flux detection by On-line Reactance Measurement)

PE 4.0 Concept

» Utilize already available
inverter capabilities
= Current sensors

» Proposed in 1988/1991 for PMSM
rotor position estimation

» Based on measuring position-
dependent differential reactance x4
= Test signal injection
(minor SW modification)

n.  xan(y) = i/ Ao

Switching state Phase current
during test sequence measurement

M. Schrodl and T. Stefan, “New rotor position detector for permanent magnet synchronous
machines using the ,,Inform”-method,” Europ. Trans. Electr. Power, vol. 1, no. 1, pp. 47-53,1991.

digital ;
coatrol machine

b) inverter branch
controlled by the comparator

Iy N v
v

>_</7 nE
// ;:@ """ }

A .
ot
inverter branch
controlled by the digital

£T 004 6H control circuit

E
5

rd

o\ /

APEC 2021
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Example: Induction Motor Fault Detection

» Fault detection based on
stator current monitoring

» Research topic since the
1980ies

» |nverter-as-a-sensor

Today
» Basic workflow unchanged

» Improvements through
= Higher computing
performance

= New machine learning
algorithms

ETHzurich

k process parameters
/
\

\A22322222222222

- analog stater current signal

I _HBe [ Haee

" digital stator current signal

statistical time values
spectra/cepstra analysis

trendsetting
data reduction

cluster identification
classification

signatures

= T

control room display
fault detection
diagnostics

| | data acquisifion modul |

data processing modul

|aiagnosncJ |

(=]
-
oA

Amplitude (A)
)
F-9

s
-

‘_Q
[=]

(=] o = =
'S w 5 n

Amplitude (A)

=3
-
—

0,0

=]
-
oy

i
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o
e

Frequency (Hz)

R S I
0 10 20 30 40 S0 60 70
Frequency (Hz)
IS SR
0 10 20 30 40 S0 60 70 2000 (|)

]
M. E. H. Benbouzid, “A review of induction motors signature analysis as a medium for faults detection,” IEEE Trans. Ind. Electron., vol. 47, no. 5, OAP=c 202 1
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Example: Data-Driven Machine Bearing Damage Detection

Z Fraunhofer
Cognitive Power Electronics for ™*

Intelligent Drive Technology

g:> Challenge: Quantity + Quality!
» Artificial damage for training data set generation

Mean distances to mean reference spectrum, 2500 rpm

140

~ 120

it
S
o
am
i

» Current spectra differences dominated by operatin g oo o/ -

; ; L ot OP1: 10 Nm _ F RN
point, not by bearing damage Pt o 3 \ : Kt

. S T Nige? 27| Healthy ~7 OP2:20Nm |

P :gzé‘i'{ffﬁ?s“gﬁ&‘.’ﬁ%’ﬁmf’mmmf ’ - * references

ealthy: 2500 rpm, 10 Nm, 10 kHz i A 0 I ! ! ! ! ! ' ' | i | | | 1 | | 1
Eg\ 20 N i’; 'Lr .
i I:> F o : ) oPi » Fault detection requires referencing to a
2 Principal o ~ healthy case for each operating point!
Component =l A Sl .
Analysis @ _—v_n » Ongoing research
0 3;) 6‘0 50 1&0 1;0 (PCA) . OPZ = 5 T -
s . Roeder, X. Liu, an . Hofmann, “Cognitive power electronics for intelligent drive technology,” in Proc. Electr. Drives
ETHziirich ‘oo coniorer

Production Conf (EDPC), Ludwigsburg, Germany, Dec. 2020. APECW 202 1
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Example: Isolation Health Monitoring for MV Traction Motors

» Isolation faults change current response to test
voltage pulses (pre-startup)

Smart Converter

Cabling Machine

v I
| | 1
Integrated | | |
current | i |
.3 :y & sensors | | |
Uns ! l e — !
= Vo | 1 | L
ma = Nm_=._| i
Gou Gou GoU o=
— |
I
r{:‘éi /—‘iéi r—i{ES H |
GDU GDU GDU 3 ! !
I I I ! | |
[ ] 3 o i
]
]
RT - System L ! |
Trigger ADC ! [ |
siorage Measurement d;tectiin Tunlt i i i
and smart FPGA-Data |1 ! !
control unit acquisition ! ! !
control ! | |
_______________________________________________ il | :
Current

N-1

Signals

ETHzurich

- - T T
i 7
o i "/f ‘l\
ST T My -
i [ I\ e
5 i \
Sagbccdacas SR\Y A
Sample 2 !
a 1
8 10k
Q
§
5
3

Assembling of sub-signals to
final signal

M. A. Vogelsberger, C. Zoeller, J. Bellingen, and T. M. Wolbank, “Using smart con
machine insulation health state information,” Nuremberg, Germany, May 2016.

verter to obtain traction-

15 |
—_ 1 —— Healthy
510 | | ——15nF /7 1% coil phase L1
i} ]
1
1 .
§ o i Fault detection
[=%
s incl. location
£ 0e—x
a
0
c ! | —— Healthy
= 4
: |
o “
h=)
= i
g i 3
<C 1 1
i i i i
V] 0.25 0.5 0.75

125 15 175 2
Frequency (MHz)

—_

Tricks to achieve required measurement bandwidth:

» 15 MS/s with 1 MS/s ADC
- Interleaving of multiple measurement seq.

» Jitter can become critical for higher BW

APEC 2021
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l Remark: Need for Extended Sensing Capabllltles?@Q{
\ —

» Data (quality & quantity) is key for successful ML Example: Capaator ESR Meas. for Condition Monitoring

applications

» Improved Sensors
= Higher bandwidth

Memory
= Higher sampling rate

Processing power

= Higher resolution Uplink bandwidth

» Additional Sensors
ESR of Capacitors

On-state voltages of semiconductors

Component / heat sink temperatures

Vibrations

ETHzurich

QXQ‘://\::\\\

i
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T o 30

£ = o oy
Zeo i 3¢ = 105°C < Ien
1 E - | /_ 20
E AN T8 Ve
[@]  Se 37000 7| [a]
L Ze|\ew ]
0.1 \\\_ ‘ ‘ ‘wa e 10
: ll RESH A
0.01 f——rrrrm— “ | 0
10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10 MHz
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= Measurement of ESR in “frequency window” (temp. comp.)
= Data transfer by opt. fiber or near-field RF link

M. A. Vogelsberger, T. Wiesinger, and H. Ertl, “Life-cycle monitoring and voltage-managing unit for DC

7 ’ ’ - ]
link electrolytic capacitors in PWM converters,” IEEE Trans. Power Electron., vol. 26, no. 2, Feb. 2011. AP=cw 202 1



Power Electronic Systems
I' = Laboratory

Remark: Sensing Concepts (1)

On-State Voltage Measurement

1 V/div
DC 50Q

Ch. 2:
200 V/div
DC 1MQ

[Ch.3: |
4V/div
DC 1MQ
Horizontal|
40ns/div
20ps 5GS

s M. Guacci, D. Bortis, and J. W. Kolar, “On-state voltage measurement of fast switching power
mzurICh semiconductors,” CPSS Trans. Power Electron. Appl., vol. 3, no. 2, Jun. 2018.
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Core Flux Density Sensing — The Magnetic Ear

Main core Auxiliary core

Auxiliary
winding

Aux
. [ ... —_core
h M
] | R T -] a,
R,
Main core

» Shared magnetic path:
Laux = f(Bmain)
» Meas. circuit: Lyyx = Uy

Voltage [V]

Voltage [V]

Aux. s
Auxiliary

T_§ core + winding
W,

-600 | | | | 1 1 | | | 230
Asym. Magnetization
2.5 \ T T 1/ " T T
2 -
Uy (8) |
1.5 \
1 —
0.5 -
0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Time [ps]

G. Ortiz, L. Fassler, J. W. Kolar, and O. Apeldoorn, “Flux balancing or isolation transtormers ana

application of ‘The Magnetic Ear’ for closed-loop volt—second compensation,” IEEE Trans. Power

Electron., vol. 29, no. 8, Aug. 2014.
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Remark: Sensing Concepts (2)

Direct di/dt Sensing

i
143/152 ___ Tl

Integrable Current Sensors
> E.g., INFORM: x4 (ct,) = || /|8, 1 80), .,
. ! Flulx sensing

Sensing only, no

» Planar Rogowski Coil
compensating EMF as
-~ in current transformer!

Top Bus conductor

Sensing Col M —E—
e flux
[E— () E—
Bottom Bus conductor
(a) Cross-sectional view
lead ® \Via B
Coil Top Layer "_ "_
Needed to avoid saturation q 5
(no compensating current) Output volt.
% CDI single sample instant
prop. to di/dt} |

==sss Coil Bottom Layer

AV
Vin

B
Integrator
CDI output signal
——VWW—
COIL [}
"""" di/dt a i(t)
Main Conductor o | o '\
T. M. Wolbank, J. L. Machl, and H. Hauser, “Closed- | :
loop compensating sensors versus new current ‘urrent ripple _ | T
derivative sensors for shaft-sensorless control of introduced by R=0.88 .
inverter fed induction machines,” IEEE Trans. voltage pulsci 5
Instrum. Meas., vol. 53, no. 4, Aug. 2004. 1
| |
sample instants

.
=
Ras
=

Vo

C. Xiao, L. Zhao, T. Asada, W. G. Odendaal, and J. D. van Wyk, “An overview of integratable current
sensor technologies,” in Conf. Rec. 38th Ind. Appl. Soc. Annu. Meet., Salt Lake City, UT, USA, Oct. 2003.
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Remark: Sensing Concepts (3) — Utilization of “Parasitic” Physical Effects

Ferrite Core Temperature Sensing via El. Resistance Magnetostriction-Based DC+AC Current Sensor
NTC ETHziirich va(t) vpp(t) vn(t)
‘ d s - BP [ D
6 (Xd’{]lézf\rlrcl:a)'l Suppl;:_‘-cable E’ 777777777777777777777777777 E DemOd LPF ’ Wire Terminal Box
| Elongation sin(w_,t)
de- t | iml(t) ! ex
5 \ Suppl;Cable I5.1mm Z® B(t/) Sensor \ |4 /
/\; Si]Ver E EE é_c | B Flexible Sensor Element
a 4 11 ()mm\ : CondUCtive- ' """ I + . . o
2 3 = Epoxy Adhesive A R[] e O Piezoelectric Strain Sensor:
\-E) Zox [j—(: )—| Excitation > Al 2
Qf 2 ‘\l\, ver(t)  Winding vs(t) % T (B) x B%(t)
! » Amplitude modulation/demodulation to measure DC/LF
ETH:zirich

025 35 45 55 65 75 85 pvs(® o< BX(D) ) Vs(@) Bandpass

Temperature (°C) \ r =,
» Temperature-dependent electrical cond. of ferrites _mﬁcﬁﬁﬂm@. L .
4 2a)LF 2w, ¥

» Could be utilized for integrated temp. sensing in eyl P P
Smart Passives

» Closed-loop performance: £20 A, DC...20 MHz

D. Neumayr, D. Bortis, J. W. Kolar, S. Hoffmann, and E. Hoene, “Origin and quantification of increased
core loss in MnZn ferrite plates of a multi-gap inductor,” CPSS Trans. Power Electron. Appl., vol. 4, no. 1,
Mar. 2019.
e P. Papamanolis, T. Guillod, F. Krismer, and J. W. Kolar, “Transient calorimetric measurement of ferrite L. Schrittwieser, M. Mauerer, D. Bortis, G. Ortiz, and J. W. Kolar, “Novel principle for flux sensing in i
mzurICh core losses up to 50 MHz,” IEEE Trans. Power Electron., vol. 36, no. 3, Mar. 2021. the application of a DC + AC current sensor,” IEEE Trans. Ind. Appl., vol. 51, no. 5, Sep. 2015. AP“c 202 1
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Remark: Sensing Concepts (4) — Utilization of “Parasitic” Physical Effects

Electroluminescence (EL) in Power Semiconductors

» Every p-n junction can emit light (e.g., LEDs)
= Si:invisible near IR / SiC: visible (discovered 1907 by H. J. Round)

» Example: SiC MOSFET Body Diode’s EL Spectrum depends
on temperature and current

Spectral intensity in p.u.

400 450 500 550 600
Wavelength in nm

L. A. Ruppert, S. Kalker, C. van der Broeck, and R. W. De Doncker, “Analyzing spectral electroluminescence sensitivities
of SiC MOSFETs and their impact on power device monitoring,” in Proc. PCIM Europe Conf., 2021.

ETHzurich

(7] 1
Vdclink Viciink Degradution e SiPM I

Optical Path| ‘ Filter 2

iwrent

ge
H

Body diode cond.

(dead time) University of Stuttgart BOSCH
0.5
@) 80 A @
+ 04} j] 20 A
First Applications (2018) =
[0 ;
> Current sensing via intensity %7
. . B @
» Junction temperature sensing 202 a
. . . ey L
via ratio of peak intensities — o 4
T oAl g -
* |ncreased robustness against = i
optical path degradation

60 80 100 120 140
temperature in °C —

J. Winkler, J. Homoth, and I. Kallfass, “Utilization of parasitic luminescence from power
semiconductor devices for current sensing,” in Proc. PCIM Europ. Conf., Jun. 2018.

J. Winkler, J. Homoth, and I. Kallfass, “Electroluminescence-based junction temperature
measurement approach for SiC power MOSFETSs,” IEEE Trans. Power Electron., vol. 35, no. 3, 2020.

APEC 2021



"1C I Power Electronic Systems g
I'— Laboratory 146/152 __ Tl

! Remark: Digital Transformation & Digital Twins

» Digital Thread / Digital Twin 2> “Weaving” real/physical & virtual world together
» “Digital Birth Certificate” - Keep track of each part/machine through whole lifetime
» Fully Digital Product Lifecycle -> “Digital Tapestry” (Lockheed Martin)

Fleet Aggregate

Operational Hata

History
Maintenance
Physical Asset History Digital Twin
Real Time TR
"% . Operational Data > }455 }3’ S TAYAM A
FMEA
CAD Model Physics Based Models
+ Statistical Models
FEA Model + Machine Learning

» Smart components with integrated sensors connect to Digital Twin
- Design Improvements / Preventive Maintenance, etc.

ETH:zirich APEC 2021
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Cognitive Power Electronics: Application Level — Power Electronics 4.0

Key Question Application Level (Business, Asset Management)
r )
» Future role of power e|ect ron ic converters in the Asset Management, Process Monitoring, Quality Control, Analytics,
Performance Optimization, Healt Monitoring, Digital Twins, ...

application/business context?
System Level

¥ . e
Cloud SCADA, Analytics, Converter Level
Conlputing Dlgltdl T\\"il'ls., N
3; AC _L-t DC Applicati
1cation
Bidirectional High-Speed Link ' L pcl T AC P
S

_Application Sensors

A

Control / Data Aggregation / Processing
Feature Extraction / Monitoring
Local Decision Making I—

) E—
=]

V;ic Ly Iy 1 :wM': TM

e,
J@ J AC DC
65. I\ L pc| T AC
= 9 Application
()
_ \ J
@S Grid
o,
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Example: From Gate Drive to Cloud

» SIEMENS Smart Inverter Concept

4 * Passive Components Intelligent Gate Drive Unit

T (Filter, dc-link ...) * Semiconductor protection (overcurrent, overvoltage, ...)
q,,_ i Sensors » Collecting and preprocessing of sensor data (current,
(Current, Voltage, ...) voltage, temperature, ...)

» Semiconductor specific condition monitoring functions

r}])  Power Semiconductors
e ) (IGBT, SiC ...)

-

Gate Drive Unit (GDU)

Internet
G';tzmwsy (e.g. intelligent digital GDU)
A I
Sensors
(Speed,Temp.)

Customer
Automation

Internet
Gateway

Internet
Gateway

» Utilize high computing power and
network effects in the cloud

APEC 2021

mzurICh R. Sommer, “Smart inverter: requirements for PE-specific monitoring capabilities,” ECPE Workshop Power Electronics and Digitalization, Nov. 2020.
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Example: Wind Park Condition Monitoring

Computing Power

» Scalable Computing Layer 3: Cloud Platform o
— Data Aggregation
resources (cloud) for ~ Model Training
. . — Model Updating
resource-intensive — Maintenance Scheduling and

Optimization

ta S ks /A Azure Remaining Useful Life

Layer 2: Fog Platform (RUL) Predictéion, . %\ %\
3 Google Cloud — Data Transmission . M
aWS — Communication @ ;

Wind Farm 2 . Wind Farm N

Data

— Model Deployment
— Model Updating

— Degradation Classification and
RUL Prediction

Model

~_ Anomaly

Layer 1: Edge Platform Detection

» PE controllers as edge - Data Acquisition

— Data Preprocessing

computing platforms _ Mocel Infarence

— Online Training and Model Updating | | Power Converter 1 o Power " o Power "
— Converter Operation Optimization onverter onverter

4 PE as p|ece |n a puzzle — Converter Fault Detection

— Converter Stress Estimation

S.Zhao and H. Wang, “Enabling data-driven condition monitoring of power electronic systems with artificial intelligence: concepts,
tools, and developments,” IEEE Power Electron. Mag., vol. 8, no. 1, Mar. 2021.
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Example: PE 4.0 as Part of Digital Ecosystems

> AL Ability “Digital Power Train” » Schneider Electric EcodF truxure

Innovation At Everv Level

Maintenance Manager

<7
7 - Gizhisig i s
g EcoStruxure™ Architecture

LN

Variable speed
Reliability Manager Apps,

— > Analytics & o
it Services »| @ EcoStruxure Machine Advisor  EcoStruxure Asset Advisor EcoStruxure
] 21 8 EcoStruxure Profit Advisor EcoStruxure Power Advisor Augmented Operator
(i o [ = E EcoStruxure Control Advisor EcoStruxure Resource Advisor  Advisor
— / 19
Motor » o .
HE - .
Production Manager Eggfwl 3 5 = | — —
Q - 2 3 Ecoslruxure EcoStruxure EcoStruxure SCADA Systems Ec oSlmxurt
© ¢ § 5 Hybrid DCS Foxboro DCS TrlconelQSale(y Pows Mommnng
— ) Bt
——4 23 —m—e — ————
Mechanical power (" / 2| e Altivar Lexium Set Series Telemecanique
transmission w O S Sensors
eg bearing Connected 4 (i !
| Safety Manager Products 5 & ' L
Application @
eg pump

Power electronic converters are “pieces in a larger puzzle”
—> Similar to other lloT-enabled devices

mzurICh https://search.abb.com/library/Download.aspx?DocumentlD=3AXD50000477821 https://www.se.com/ww/en/download/document/DT_eguide_09-10-19AR0_EN/ APch 202 1
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Conclusion & Requirements for PE 4.0 Readinessj

» Al/ML techniques are one of many means to an end

= Should become part of an engineer’s toolbox
(as circuit or FEM simulation) = Awareness / training

= Method should follow from the problem to be solved
(not the other way around)

= Training data is a key challenge for data-driven methods s N
(ability to generalize / reliability of predictions) {

» Power Electronics 4.0 for Industry 4.0

= “Just another lloT-enabled device” = Higher bandwidth/resolution; & e

7
. . —
= Converters act as sensors, sensor hubs, data memory/CPU/uplink requirements

aggregators, ... = Measure additional quantities
—> Standards for HW/SW integration (ESR, on-state voltage, ...)

= Value generation on the application/business level = Utilize “parasitic” physical effects
(e.g., improved asset management) - Smart Components/Passives

ETH:zirich APEC 2021
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Further Reading

Al/ML Applications in Power Electronics Cognitive Power Electronics

» J. O.P. Pinto, B. Ozpineci, and R. Cordero, “Artificial intelligence » B. Wunder et al., “Droop controlled cognitive power electronics
applications to power electronics,” Tutorial at the ECCE USA 2019, for DC microgrids,” in Proc. IEEE Int. Telecom. Energy Conf.
Baltimore, MD, USA, Sep. 2019. (INTELEC), Broadbeach, Australia, Oct. 2017.

» B. K. Bose, “Artificial intelligence techniques: How can it solve
problems in power electronics?,” IEEE Power Electron Mag., vol. 7,
no. 4, Dec. 2020.

» G. Roeder, X. Liu, and M. Hofmann, “Cognitive power electronics
for intelligent drive technology,” in Proc. Electr. Drives Production
Conf. (EDPC), Ludwigsburg, Germany, Dec. 2020.

» S.Zhao, F. Blaabjerg, and H. Wang, “An overview of artificial
intelligence applications for power electronics,” IEEE Trans. Power.
Electron., vol. 36, no. 4, Apr. 2021.
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Thank you!
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