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Research Scope

Power Cross-Disciplinary
Electronics ,

Mechanical Eng., e.g.
Turbomachinery, Robotics

Microsystems
Medical Systems

Actuators /
El. Machines

» Explore the Limits / Create New Concepts / Push the Envelope
* Maximize Technology Utilization

* Enable New Applications IEEE | PEMC
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Introduction

Market Pull
Technology Push
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Required Performance Improvements

Environmental Impact... [kgg /kW]

[kgc, /kW]
[kgy /kW]
[em?g; /kW]
v State-of-the-Art
Weight / Volume

/

Failure Rate

Power Density [kW/dm?] Future

Power per Unit Weight [kW/kg] > Time-to-
Relative Costs  [kW/$] Market
Relative Losses [%]

Failure Rate [h]

e Mutual Coupling Performance Indices > Multi-Objective Optimization IEEE | PEMC
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Comparison to “Moore’s Law”

m “Moore’s Law” Defines Consecutive Technology Nodes for Min. $$$ per Integr. Circuit (!)
m  Complexity for Min. Comp. Costs Increases approx. by Factor of =2/18 months

Economy of Lower
Scale —> < Vield o [i]
108 i \W%
1962 >2015: Smaller
Transistors but Not .
104 - \/ ¢ any more Cheaper Si
: fp P
o p SiC
3 108 - w _ GaN
S ’
£ - V4
4 102 \"'D’*/
k il 3D-Packaging Jo
F X-Level Topologies
g HF Magnetics A
« etc.
\W%
1 i - AN
1 10 102 108 104 108 P [in3]

Number of Components Per Integrated Circuit

e Definition of “7%p* 0% f,*~Node” Must Consider Conv. Type / Operating Range etc. (!)
IEEE | PEMC
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S-Curve of Power Electronics

m Power Electronics 1.0 > Power Electronics 4.0

m Identify “X-Concepts” / “Moon-Shot” Technologies ,

m 10x Improvement NOT Only 10% ! /
#1 WBG Semiconductors /
#2 Multi-Cell/Level Concepts /
#3 Functional Integration /I

#4 3D-Packaging/Integration
#5 MLCC & HF Mag. Materials
#6 Digitalization / IloT 4.0

» Super-Junct. Techn. / WBG

» Digital Power

Modeling & Simulation 3 3

» Power MOSFETs & IGBTs /
p Circuit Topologies

Microelectronics /

» Modulation Concepts 5

Control Concepts
1.0 —

Performance
A

Replacement

(Disruptive)

Technology
/

Emerging

=— Mature

SCRs / Diodes
Solid-State Devices

< Established

™~ Existing

Technology

» Effort / Time n
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3-O Variable Speed Drive
Inverter Systems
Voltage Source Inverters

————  Buck-Boost Type Topologies ——
Current Source Inverters
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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 !

5 - ! Source: W TESLA MOTORS
I e 1§ .
A

1v

; B - —
e t ot

® 60...70 % of All Electric Energy Used in Industry Consumed by VSDs
IEEE | PEMC
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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
P
+ 8 38%
of electric energy use is for motors
3ph Motor in commercial buildings.
Uy
I ‘
AC Up, 1A
AC
3ph Motor
i
DC Up, IA ADnBR
O Source: FREPED
+
* a2 7T0%
—0— AC of electricity consumed by industry
B attery 3ph Motor is used in electric motor systems.

® 45% of World's Electricity Used to Power Motors in Buildings & Industrial Applications IEEE | PEMC
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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 DC
Rl i 7

AC DC
] och AF— — — — — 7

3

Control =~ —

DC Power
\ Network

/

A — =+ = — -

YASKAWA

Control =

Inverter
Stage

e fFacilitates DC-Bus Energy Buffer
e Direct Enerqgy Exchange @ DC-Bus / Higher Efficiency / Unidir. Front-End IEEE | PEMC
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State-of-the-Art

m Mains Interface / 3-© PWM Inverter / Cable / Motor — Large Installation Space / Complicated
m Conducted EMI / Radiated EMI / Reflections on Long Motor Cables / Bearing Currents

m Drive and drive output Motor and drive train

Source: FLUKE

e High Performance @ High Level of Complexity / High Costs (!)
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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

I

Motor Peak Voltage (p.u.)

st
0 i, 1OVIU,
0.2 ‘
0.4 X Y06 max
) -0.6 ! 1 |
107! 10° 10! 102 103 0 1000 1500 2000 2500 3000 3500 4000

Cable Length (m) time in ns

=> dv/dt- OR Full-Sinewave Filtering / Termination & Matching Networks etc.
IEEE | PEMC

INDUSTRY &ACADEM[A
ETHzUrich i) S N
TECHNOLOGY ERIDGE




| -

9/110 _I%l

I Power Electronic Systems
Laboratory

Motor Bearing Currents

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

Rotor +
Shaft
: jmmmmmmmmmmmm————ee- p— Inner race—
L L NS S
Inverter 77 7/ o pearing —— [ Edges of pit
Cu / Oil film cool quickly
L Janv:| harden

T
r
'

1 brg ] :
jm———m———f P 1 I -*
a N = Cg ' Outer race -+

|

C I

ws |

|

|

|

0 i
— Z !
| ! Stator
-> (ond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt- OR Full-Sinewave Filters
IEEE | PEMC

INDUSTRY _ﬁ_ ACADEMIA

TECHNOLOGY BRIDGE

ETH:zUurich



Power Electronic Systems
FEE Laboratory ¥ 10/110 _lg

VSD Inverter - Future Requirements

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

m Low Volume & Weight

m Wide Output Voltage Range

m High Output Frequencies

Source: Ge?r;gclﬁd\‘ﬂ
al 100 L my ro IR R
o IWE@TF)_ﬁ::::@:::@::Q::*” OSSR SR
S 0l o TN e 3
= AR B - S
I ]
% ____________ o L
5 > 98%
B 9TPe 4> 10kW/ke
el ]
o6 L]
0 5} 10 15 20 25

Gravimetric Power Density - v (kW /kg)

e Main “Enablers” -> SiC/GaN Power Semiconductors & Digitalization & Adv. Topologies
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SiC MOSFETs
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Si vs. SiC

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

6x Si-IGBT 6x SiC-MOSFET
® 6x Si-Diode 0 n| | N
CERENNE BB B
Vi — : Vi — J :
J Jq Jﬁ Jﬁ
1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4mm? Die Size: 25.6mm?

® Space Saving of >30% on Module Level (!)
IEEE | PEMC
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Low Rps(,n) 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 Eaisic |
Eg (ev) 1.12 1.4 3.0-3.2 34
Ec (Mmvicm)| 0.25 0.3 2.2-2.5 3
Ln (cmzvs) [ 1350 8500 100-1000 1000 SiC
€r 11.9 13 10 9.5
vsat (em/s) [1x107  1x107 2x107  3x107 .
Ecrlt,Si . Si
A (W/ecmK) 1.5 0.5 3-5 13 ] N\ TTTTmmmem——— -y
+  |—| - o
© 2000 Carl-Mikael Zetterling P WSIC : N ‘
. 4V For 1kV: Si SiC . Wsi :
Ron = W (um) 100 10 Schottky contact Ohmic contact
E; - -
e, Ec € Np (o) 101 101 . ' '
o m
R, sic ® 300 R, o—| n H_q

® Massive Reduction of Relative On-Resistance - High Blocking Voltage Unipolar Devices
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Si vs. SiC Conduction Behavior

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
| — SiC MOSFET |
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] | ]
| — Si IGBT/Diode]
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o=
: it
Rd™
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Die Size: 98.8mm? + 39.4 mm? Die Size: 25.6mm?
e Efficiency Characteristic Considering Only Conduction Losses IEEE | PEMC
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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

80OF 80 800f 80

600+ ! T 60 600+t hVVV\N——— 60
uce (V) — ups (V)

400t 40 400440

200+ \ : - 20 200+ i i - 20
ic (A) ip (A)

U] S — Y o ) 3 —1—10

0 t (ns) 800 0 t (ns) 800

DU =
; i
hd™
1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4mm? Die Size: 25.6 mm?

o Extremely High di/dt & dv/dt > Challenges in Packaging / EMI / Motor Insulation / Bearing Currents ~ [EEL | PEMC
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—— Challenges ——

R D
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EDGE 1 EDGE 2
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Circuit Parasitics

m Extremely High di/dt aU. U.
m Commutation Loop Inductance L L <—=at,—
m Allowed L, Directly Related to Switching Time t, > I L I L
L, z
o=0.1
Ly T ]
100nH }
aU;
Ui 10nH f—— : 3
atit b A
‘ , N Parqllel
/ l ConnectuTn
i'r——l-— t 9 I nH -7._' > i
0.1Q 1Q 10Q 00 = 2=

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents
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Si1 vs. SiC EMI Emissions

m Higher dv/dt

m Higher Switching Frequencies

- Factor 10
- Factor 10

m EMI Envelope Shifted to Higher Frequencies

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

Vi = 800V
DC/DC @ D= 50%

i i
T Ve 10

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

16/110 _I@l

200

—_
oo
]

—_
(=)
[

120
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—
N
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100

[ee]
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10° 108

f - Frequency (Hz)

109
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—> Output Inductor for Decoupling OR Full Output Filter

! Remark 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)

17/110 _I%l

LCable_lom
Vee [V] e —
500 Turn-on ."r .. Turn-off
: . |/
400F-----f\- - TI'.‘"'
| : : | | ]| we— Reference w. shield
300 \ ------------ SRR [/} == wo shield
i\ i i
200 ....V-I\':‘I ....:...... ..:...
\\ . .
100 )\\& """""" R T R AR S A A A
3 3.5 4 4.5 -0.2 0 02 04 06 08
20 AAAAAAAAAAAAAAAAAAAAAAAAAA : AAAAAAAAAAAA Mt e e s mmge s e s aae s s ome s s mes s e msas e
Ic [A]

seMIKRON
i el |+ sarvive

-02 0 02 04 06 08
t [ps]
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Inverter Output Filters

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

=
| ]2

IEEE  PEMC
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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

fow=16kHz
ty=t=130ns
fe=2.4 MHz
P ipc dv/dr-Filter: 3...6V/ns I
- fsw fe

-

REEEFEENL DL

~
E
L -0 =~
Voca= =0 M £Z
DC CDC b . : I ﬂa g 5‘120 - ; ;:'p.
FREEEE o100 55 i
XX & R, : 8 l |1
n L. T y ' s Yo 10° 10°
=C (o——
L ML Frequency f (Hz)
e (onnection to DC-Minus & CM Inductor -> Limit CM Curr. Spikes / EMI / Bearing Currents IEEE | PEMC
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Comparison of dv/dt-Filtering Techniques (1)

S
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 Curr. Control
+ + +
- | T,
JJ} %t - J L P T b,
Vpe = o Vpe S T o Vbe J___.a_o
— v v‘l* ” vld C Vll Cu - Vld
Jo&y ﬁ é ; Ja& T : El_C._TJ._j 4
m Output Voltage Waveforms — V, =800V, P, = 10kW, 6kV/us gZQOJVZSOfg F/ 16mQ
=
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Comparison of dv/dt-Filtering Techniques (2)

e Comparative Evaluation of S 100 ‘ . dvide (/ns)
Passive & Active Concept = ||/# LCTilerwith DRC
# W Active Concept
[ I 9
+ >
° Iﬁ:l 2 9 6
H g
1 =
J,‘:j _ & 3
I L A i, a* =
VDC _-— - "] _O]
—H— ! L 4 g 98 - - ‘ 1
J"‘j v, - Vk g 70 20 40 60 80 100
H } R [‘I ! Volumetric Power Density p (kW/L)
° ° i?:x.opr ?amax
B ~ 100 ———1 T |
£ LC-Filter with DRC 0 .
° = ||= Active Concept 99.6% SiC MOSFET
3 = .
col s | | |
M il YT I N S I (iii)- -
H Vo =
la 2 S 99 . j
Vo — 5 2 (i) -G——|
J__- | o (i) Over-
C — - Load
STy :
> H } o -
E IGBT Eff. Limit: 98.3%

-]
Q
O
[7s]

0 1‘0 20 25 30
Peak Phase Current ?ﬂ (A)
m Losses / Power Density - V.= 800V, P, = 10kW, f,, = 16kHz, 1200V SiC-MOSFETs (16mQ)
b out s IEEE_LPEMC
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Multi-Bridge-Leg dv/dt-Control

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

C o e e b —
e | oE R aE R I —
- N
o | T - = SRR
© ol g v, Co 37,

N R S e,
Jok < 9% 9% bl 1Ly

o o ,—ji.[

m 2-Step Switching / Resonant Transition (cf. Active dv/dt-Filter)

T, =m(LC)"
Vi JEIB J% sl
Va

Sp | i !— t
t

O | 1
VUU[ ahanas : /
| > v -
o ; t

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

out

Coc | v,
JnE o T
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o Output Voltage Filtering _
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Equivalent Circuit (1)

u, u
a i Lﬂ a
b b
n o —()——m=—(
c c

an
22/110 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 Voltage Component u
m Inactive CM Zero Sequence Voltage u,
m Low-Frequ. & Sw.-Frequ. Components
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Equivalent Circuit (2)

I ﬂlll!!!wmwn :

...................

| |

N

o

= 0 m”mhl'
=200

N el
- T l i un___MMM o
- S i U

¢ - time (ms) IEEE | PEMC
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Equivalent Circuit (3)

m Active Sw.-Frequ. DM Voltage
m Inactive Sw.-Frequ. CM Voltage

U, =u,, =-> Uz, = 0
r di,
u,+u, =L~ +u,+u,,
r diy,
u() + ub - L ;{t + ub + u(ln
r Cl(.
u,+u,=L—+u +u,
3u,+0= 0 +0 +3u,,
U,

V)

V)

24/110 _I%l

400 + '
200 :lll”'“””"""-. LU
0 ﬂ"ﬂﬂ ||rn"1-'""n[‘
IR
-200 ik | I}
H.mnl||||||||lIIquwuluulwhlﬁhT

400

200

-200

-400

U

400

20
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-200

-400

5 10
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Differential / Common-Mode Filtering

m DM & CM Equivalent Circuit

LM
1 1
gl 3
R
l”t) = Ceu
|
m Filter Inductor Types a_ﬁ,&o "
2 o—| o Uiviwiji -,{"3 a* bo - ob*
ao = % bo—, i e
co he— 5 ¢* g A
¢ o—rf Lo
e DM Inductor / CM Inductor / Phase Inductors IEEE | PEMC
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Inverter Systems w/
Sinusoidal Output Voltages ——

IEEE  PEMC
=L

.w . INDUSTRY &ACAD[M[A
ETHZzUrich D S N

TECHNOLOGY BRIDGE




S1C I Power Electronic Systems %
I'— Laboratory 1 |

Continuous Current
Mode (CCM) Operation
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an
26,/110 __ Vi

CCM & 2-Stage Full-Sinewave Output Filter (1) oo [BE§

A MEMBER OF THE ABB GROUP

m Sinewave Output & IEC/EN 55011 Class-A M QEEEEN@%
m Low-Loss Active Damping of 1% Filter Stage — Neg. Cap. Current Feedback Viemnal Austri
m 2kW / 400V DC-Link 3-O 650V GaN Inverter (I,=5A), f,,: max = 500Hz

m Sw. Frequency f= 100kHz

v=1 4 ! GaN Power Stage

i - 1

i }' E Lg Ry
VAN il E

R
fc=7kHz M
4 LM
GaN Power Stage  Active-Damped Filter \
& Uem
p | | | | 3-Phase Motor |
Ry L T T ! T
(R ]
o — « : j B j
; % Simulation ||
“ Analytical
C, B - Discret i
n - ! :
fc,z‘ZOkHZ 0.8 1.2 1.6 2

Time in ms

—> Evaluation of Optimized Inductors — Soft Sat. Toroidal Iron Powder Cores

—> L,=200uH (0D57S) / C,=2.5uF / L,=25uH (0D20S) / C,=2.5uF / L,=33uH / R,=5.6Q) JEEE  PEMC
L
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CCM & 2-Stage Full-Sinewave Qutput Filter (2)

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

CH125A CH225A CH325A CH4 100V Mlms

GaN transistors

WBG-board Capacitor C¢:

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

™

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

ic Measurement
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CCM & 2-Stage Full-Sinewave Qutput Filter (3)

m Modification of Output Filter Structure
m Elimination of Direct Cap. Coupling Between Output and Noisy (') DC+ (Due to R,.)
m For Opt. i.-Feedback C, Realized Using =Linear Kemet KC-Link

=0

Gate Drive

Measured filter currents

Cpc

Gate Drive

20

l}-§ Lo Lqg Ry
Tlh\ Ly T% Lo %
| B A
i.l_\ CCF____ . 2 = |,
nh T—g 7 \ "
na ~

1
LT
‘ﬁ_ 1
L1 | \ Ce %
T -«

.||—q—¢//

Mag. in dBpV &

120
100
80

40

e Auto

Output voltage
modified filter

* Output voltage
symmetric filter

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

T T
-1 'EN35011 Class A

..............

—— Symmetric Filter
—— Modified Filter ]

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 Considering Load Machine AC Output & Inverter DC Input

GaN power stage IGBT- module 70 . .
o— R 6of"t T PN -
>~ e L o] . "
p i = 20 : - 1
|| | P T ——— = gL | ——WBG i
o == .
H J_ N ‘ —»— AP 20kHz
— "1 / s : - 30 —— AP 5kHz |]
7 o =l : | 1 1 I T T
n Ol?['ser\éjer-basc?cfj'lt . ﬂ— . 0030 50 70 90 110 130 150
active damped Tiiter - Output power in W
ﬁv- ----- 1 Mechanically 85 T
1 : coupled motors <0 ‘ '
x LS T s N 75
DC | Agilent | G ] %) L =
* 1 < —O0— O— £ -
source | P{ Poum e | Z = 10
- —o— o = 651 /
I : AN | J , 60 &/
: 1 H ) Load resistor ' '
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 IEEE | PEMC
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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 (fs= 100kHz)
m No Freewheeling Diodes

LvVSi  HVGaN
FET  HEMT b

I Transphorm GaN Module 1 N }
Pin ) G ! —— Po 9 Pm v
;F:_’ ) o«
Ipe —] o—] —]
Sine wave Filter Torque
m | — Iy Transducer
Voe | —/— aaas Ve Iy M( M
Coe LYYy, & Viw
Le — 2.2kW 11kW
(3hp) (15hp)
Cr
N Lo ]
GaN 6-in-1 module, 600V

—> Very Low Filter Volume Compared to Si-IGBT Drive Systems (f= 0.8kHz @ f;= 3kHz)
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3-® 650V GaN Inverter System (2) YASKAWA

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

B Transphorm GaN Module o ! — 085
"t 98% —> om0 ——
P_JH = Semmnte
loc —] — — oo e
Sine wave Filter Torque 5955 / /
Transducer I 7
Y YY) L — ly E
Voo | —— Yy Y § TV & ku( " 7%
Coe L (Y YY) Viw E 955
Lr — ly 23R 110w g 95.0 Z
N I N (3hp) (1shp) " oas
—] —] —] C__ e — . Bt R R —
F ——GaN
N S 935 J J ‘
GaN 6-in-1 module, 600V 93.0
00 0.5 10 15 20

Output Power of Drive Po[kW]

Pin - B / 50.0 T
0—<L I —
F ’(+) 80% —> w00 S:!:$—‘——f
loc 700 T .
_| _| _| Torque %600 / |
el Transducer l;- ' //' |
VDC —_ Z T Vuv |v |un/ IM ZB- 200 / ‘
Coc & w L\ 2 400 / ; !
— 22kW KW £ 00 '
_| _| _| (3hp) (15hp) & ‘
200 1 1+
I ==5i-|GBT == GaN |
N (-) 100 : ]
Si IGBT 6-in-1 Inverter module, 600V 00 | | ‘ ‘
00 0.2 04 06 0.8 10 12 14 16 18

Output Power of Motor Pm[kw]

> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) ! IEEE | PEMC
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Triangular Current
Mode (TCM) Operation
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Triangular Current Mode — ZVS Operation

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

o 400
’ TJ% J% J"’ L, ih  a HB 200F
- - =
Use == lLa bt——— - E’: Hﬁ 20
Ti &k i 2 DHﬁ < o0}
TR R
° 400 T 1 1.2 sTJi T,
40 gmp . ThT tt-l;h_| bina — Time (t)
—_ b t
sl Il'|l"|“l"l‘4 W - :
% 0f mlll““ “" Hu.u. nuu I U at, i,
: Wy _
3 20 - IL, HHI ““u | (_ﬁ
o o NVARRN//
0 T,/4 T,/2 3T,/4 T, W t sinus
t
® Only 33% Increase of Transistor Conduction Losses Compared to CCM (!)
e Very Wide Switching Frequency Variation IEEE | PEMC
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TCM - B-TCM

m Very Wide Switching Frequency Variation of TCM - B-TCM O ’:
40 - T B T T e B L] ‘V’
1+\ —J:yllmn(l B & T Vll'mn(l ‘

<] 20»“]]”'1 (g ita | @m"r ][ 7= i
= ol w il AL %‘ i
: [ W : i W
5 20f E ] = m
¥ % U1\ A )

-40) 1 1 1 1

600
5450 -
£'300
g fS\"V
2150 L |
L:: 1 1 1 _\l—/_lv

UO I_:"H'/4 ]:1(‘/2 31—:‘1(/4 1—721(' 0 :1_11(‘/4 :1—711('/2 31—1‘1(/4 ]—:'l(‘
Time (t) Time (t)
e TCM - B-TCM — 10% Further Increase of Transistor Conduction Losses
IEEE | PEMC
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B-TCM - S-TCM

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

i "/ 6 | ot g ?3 “ mlmn"mnmm Mm 'mlﬂmlmmm

il E oy

°WW V.V”VNWW MWWJ” o—

I AN
e === ==

v

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

Energy Loss E_, (uJ)

! FEINEIL Residual ZVS Losses

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

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

650V SiC, Up= 400V

50 : : —— -

duds
dt

Ik lg

max Cds + ng ng

an
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togdTiCds

‘ _ U + Ugn Cds

100 : : - - he=—% (1 " Cu

g ed
—e—0 ) -
80r| —e—3.30Q 1T

50
60 .
10 B 1 |
| | ," ),’) 'l’
20 + gt s
C . Losses
0 — e Ugn
0 10 Lewi D 30 i 40 50

Switched Current I

sw

(A)

® “Kink” Current I, Dependent on Inner & Outer Gate Resistance & u,,
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Multi-Level
Inverter
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Multi-Level (ML) Converter Scaling

m 1/N Reduction of Blocking Voltage - Lower Ry, Semiconductors (R,,'~ Ug?’)
m Eff. Increase of Sw. Frequency > f,, =Nf,, ( . +++ Individual Device)
m Larger Chip Area and/or Smaller L,

W..

400

= oo AN iy
- . $ 0 il it
N=# of Levels -1 # of Levels= 2 S -200 | l\“||||I||n .nlI|h”H
Uge Vi =~ 400 T
— 400
; 200
gc 0
_ = 2200
#=3 = -400
— 400 &
; 200
C::C === Ef 0
Tec. _ = -200
#= = 400
— 400 =
; 200
% 0
= 2200
0 =7 =
# 7 =~ -400 *
0 5 10 15 20
t (ms)
e D-FOM =D-FOM(U,/N) > Resultsin ML-Performance (X-FOM) Dependent on N IEEE  PEMC
1
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Functional Principle of ML-Converters

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

m FC Voltage Balancing Possible also for DC Output

400
200

0
-200 ¢
-400

Voltage (V)

- few

T I I
. T ——
4 ] U, ] f._

[
Udc

800V 1,
= —illl——° 3 _ ;, h. i,
Lo Uy " _\ 1 1
B o @10 @ 0 @10 ® 0
a C il‘ 1 1
° L LS e | 2T
_Udg ° 0 j— i — J— — 1 — —
Y Soft Hard Soft Hard Soft Hard Soft Hard t
Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr.
(ZVS) (ZVS) (ZVS) (ZVS)
® Risk of Transistor Overvoltage for Steep U,. Changes IEEE | PEMC
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Scaling of ML Bridge-Leg Concepts

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage > 1+1=2 NOT 22=4 (!)
m Application of LV Technology to HV

o 400V
Jo3 U
—_— 0
3 8f.L
Ul Lr Jep
I / -400V
; — A 1 A 20A

4
4 max,N ~ 2 max,N =1
L L Ea N

Jk 1 -
L+ ] 1 20 A

(<20 =

. 0 llU 15 t[ms]
ul L+ Jgd 400V I
Jip
d 200V
| JE& AUCﬂ=£2(i)2L ! !
o U 32 f,” N’ 0 S WA S SN
0 2 4 6 8 10 12 14 16 f[kHz]
fow
e Scalability / Manufacturability / Standardization / Impedance Matching / Redundancy IEEE PEMC
1
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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
Optimized 1 .
Gap Die Area .,\.\\)
------------------ - ’f‘ ’
S5 Sic -.__\\ /”,
] ~ » .
4 I e
@ ﬂ--o"”‘QT"
et
.-
Uye Uye Uy 1 2 3 4 5 i { ——
N=# of Levels -1 ¥ |n=2
103 S . ) 10° .
o1
®siC | D-FOM(U,)= X-FOM(U,,N)=N-D-FOM(xU,)
_ A GaN \/R;"(UB)C,’,SS,Q(UB) .
Em" i = 10
= Q2L (N=6) = ML (N=6)
= Benefit x1.5 = Benefit <0
E __________________ 'Y E _.\[L Advantage
g 10! v 10!
[
100 I 100 L -
10° 108 10 10° 10 10t
Uy (V Uy (V
B (V) B (V) 7
~ 1.2 ~ -
o (ompared to 2-Level Benchmark -> Peermi minm = 14[;/ Peemiminar - Wa
@ Same Filter Ind. Volt-Seconds chipm = N*2A i o1 C IEEE | PEMC
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7-Level Flying Cap. 200V GaN Inverter (1)

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

de
No—ICDc Cres _LCpca {Crcs Crco CFca [B iy i
4001/% I_EJ_ —EI_]'— 3 o L, _ ;uac
_E'I__EII_ Uzy C__
(o]

-U,

de

DC-Side Control -
e Signals * 260 W/in3
’ AC-Side

Connectors

Connectors

e High Effective Sw. Frequency (6 x 30kHz = 180kHz) —> Small Filter Inductor L, IEEE | PEMC
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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 (!)

Udt E E g I; I;
- : . . ‘ I i .
NO_I pc {CFcs _Lorca 1lFes ==CFcf2 i LSRN g TN
400V Tl e | e | = | e b Lo N,
—H[——EI——EI——EI——HI— U=~ —_—
_Udc CO
O
99.5 :
7L, 800 Uy,
:;\-O: 790 0’/-/‘,3——-——‘-—‘-!\.
> 085 .
% f/ 3L, 800 Uy,
2 98,0
5 97.5 /
97.0

0 20 40 60 80 100 120
Prated (%)

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

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

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

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

_'E—J_
ANPC FC
Stage Stage
(50/60 Hz) (fow) IEEE  PEMC
® 200V Si - 200V GaN Technology Results in 99.5% Efficiency _ﬁ_
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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
|-o 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
~

e Reduced Average dv/dt > Lower EMI / Lower Reflection Overvoltages
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

DD ‘o 3.5kW/dm?
A in [?ﬁ Eff z/ggnlﬁ
- % A
=87l | TET N % o X‘“f
| Ly o e g
EMI Filter ST

e Reduced Average dv/dt > Lower EMI / Lower Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors

o Low Voltage/Low Ry ,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages IEEE | PEMC
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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.)

e Reduced Average dv/dt > Lower EMI / Lower Reflection Overvoltages
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 ———
fsleﬁ= 4.8MHz
fou: = 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

Js o™ (M-1) * fs

Ve
l /TJ: L

M=5
.fS,eﬂF N ..fS 400\7— T

. o > ovielly,

/ l\CAMIl?T —400\:0
Vi - - C—'|__ l 400V
2 He e e 200V o

' J:ﬂ%’ . I—% JH% N=4 L mu{f?w.eff::zY'f}V.v
) Bra\nch 0 fm":) 4 6 8 10 12 f(MHz)
- Target: Best Combination of Multiple Levels (M) & Parallel Branches (N) IEEE  PEMC
.
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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

Y = 820 W/in’®
Semiconductor Efficiency (%)
g . / 10 , Control L
p —A——= It 9t s
W44 81— ‘ -
| 5 A
N DJE} L E Tt : — " —?8 = \
= - ., 26 !
U= | Cre u_:j - ' X % 51—1 il
L S a| m ;\‘_/
a G * ro6E%T T | Power
:3 = Ua 3 —x = Stage
. 9| _| Gate Drivers
n || J g -
o q} P 5 1 | I S I \ Auxiliary + Measurements
: 2 3 4 5 6 7 8 9

# Levels N+1 Cooling Baseplate

® Operation @ f,,~100kHz / f; .= 4.8MHz, 10kW, U, =800V IEEE  PEMC
L
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m Extension of Commercial Hall Sensor DC... f,,~ 500kHz > DC... 20MHz
m Low-Pass & High-Pass Filter Network Combining HF-Sensor & LF Hall-Sensor

600V GaN HEMT

—|—o—cr _________ A
: Jﬁ J:Elj Jt : fsw = 800kHz
: Ej Ej Ej ! Lor 111 .ﬂw,eﬂ' =4 8MHz
Vel 1= | = | = | | . ..
> ir Isum Toad
! 1 » N ¢— - i; - load
I ."23 :3 ,‘:B I 1 .
| I Crin
RN -L Nt Ny
———————— L -
Y 1
RWM Current
Signals Measurement
RR !

Control and Modulation

ETH:zUurich

*
—o0 V¢

e Hall Sensor Bandwidth f,,,= 1.6MHz
® Rogowski Coil High-Pass Corner Frequency f,,,=1kHz
e Low/High-Pass Filter Cross-Over Network f,.. = 24kHz

Ghan Low-Pass
K
+
sM Integrator G,w, High-Pass 3 Vineas
[ e
VHF

dv/dt = 27kV/us)

[ I I ldw’d.‘lL I I

48/110 _I%l

! 103G @ High-BW High-CMRR Current Measurement

| HF Measurement Sensor | Integrator |
’ D oRw

Sense
Winding—<___o="
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Motor-Integrated
Inverter Systems
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Stacked-Multi-Cell (SMC) Inverter

m Fault-Tolerant VSD _]3 _5

m Low-Voltage Inverter Modules CiT o e Jax )

m Very-High Efficiency / Ppwer Density " Vo, Lo,
m Automated Manufacturing = DEP kE oz ‘

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

99.5 T T i i T T i i T T i i i T
- 50 150 250 . o N =6 Vi,;=167V|
= W L N=2 Vi =500V |

:fsw. (kHZ) o N=1 Véc,i = Ve

Efficiency (%)
8

98.5 1=

Gravimetric Power Density (kW /kg)

e Smart Motor / Plug & Play | Connected / Intelligent VSD 4.0 IEEE | PEMC
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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 IEEE PEMC
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Double-Bridge (DB) Inverter

m Comparison to Conv.

2-Level Inverter + Front-End | = 40V...120V

Voltage
<

DC/DC Boost-Stage P =1.0kW
’ £ =300kHz (200V EPC GaN)
f, =5kHz
yil

HF Power Board 7'}

Heatsink

Inductor

NI

Stage  DC/DC
Inductor

in3
98 Wfin IEEE | PEMC
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e Advantages — Lower Sw. Losses & Lower # of Filter Inductors
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Compressor-Integrated DB GaN-Inverter

m E-Mobility 5...15kW Fuel Cell Pressurized Air Supply
m 1kW Rated Power, f,,=300kHz | n=280'000rpm / f, = 4.6kHz
m Low EMI / Low Cabling Effort

+ 11
Use = .
\L . Power Control electronics — Control  Battery start
Cooling water : . . .
S changnels electronics power electronics electronics ~ switch (not
Power connection  Battery start visible)
semiconductors
‘I Compressor
outlet 5 / Power electronics -
Motor : — ‘ electronical ipnnector
stator connection

Thrust
bearing

Electrical
connector

Compressor
! inlet
Output  Motor - power

: i - Modulator filter electronics
] | abc Impeller Rotor Cooling water inlet connection
: speed | i current ! Journal gas bearing Cooling water outlet

: controller : L,,Eo,nt,r(i”fr,l

e Integration -> 2x System Power Density | 97% —> 98.5% Inverter Efficiency IEEE | PEMC
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Fundamental DB-Inverter Advantages

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

Ud2
400V == JE‘I:’ J: Jé} Lu a
a _— - —
N b = 3 @ =
o 8
400V == J J'j} J'j} TTTC ;ﬁ
7Uc|? ) )

u (p.u.)

uf: ! qlz | JJ} . R Jalz I JEl?

400V == b .

phase

|
|
p (p-u.)
i
*tlﬂ‘l
=l
MU

IsF Is% 5 JaF JoF JmF
Qo . j} 7} j}
Unfolder
e Access to All Wdg. Terminals — No Problem for Inverter/Motor Integration IEEE | PEMC
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Overload | Thermal Limit

IEEE  PEMC
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EETd GaN Overload Capability

m Highly Dynamic Robotics VSDs —> 3x ... 5x Rated Torque for Seconds
m Smaller Chip Area = Lower Thermal Time Constant of GaN HEMTs
m Trade-Off Between Overload Rating & Rated Power Efficiency

200V Si1 200V GaN 1xSi 2xGaN --- Cu-Plate

Efficiency (%
100, S )] E— 70 — A . 100
- fou=300Hz _ | | | iceeeemeeeee SR Ay |- 5
Achip = 29 mm? Achip = 12 mm? & GaN E 1504 = < N | | 98
- - o s 99 c B
Rae=11m% Ras = 10:mS) = 5 9 7 0 97
T; Tor g g 100
== { """ = S ' [3 fow = 30kHz 450
] = 5% " ofw=10kHz | ¥ _| s Tj<175°C 350
! R — 7 i O fow = T0kHz | = GaN: T} < 150°C
Tus Ths Tep ' 150
W B Semi. Device mPCB © TIM 9155556637 00 I Sb I 100 0
AL Heat-Sink F1Cu: Via/Inlay Taar /Achip (Nm/mm?) Output Freq. four (Hz) # Discrete Devices # Discrete Devices
® 200V GaN vs. Si (Multi-Level Inverter) Comparison
IEEE  PEMC
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Buck-Boost
Inverter

IEEE  PEMC
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Motivation

m General / Wide Applicability

— Adaption of (Load-Dependent) Supply Voltage & Motor Voltage
— Wide Speed Range > Wide Output Voltage Range

Voltage Stress

LA
100 . F'ngna.x
- £
Fuel : o 5]
Cell i 3
— ' Upc =
= Low | - ;‘
2 Voltag C g
R S =T T T T TRl Uk nin Fuel-Cell  Inverter Motor
E Operation A ) ) o ) DC a_
Range Current Stress 2 T+
H, ' b
22 e
| 1,0 |/ M
oY M E N N N NN N S B J AC PMSM
0 Power (%) 100 L

e No Add. Converter for Voltage Adaption > Single-Stage Energy Conversion
IEEE | PEMC
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“Outside-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,,

by Tﬁ\?‘/CJEI}J.%ﬁ}

“in

o
o b
+—ocC

& % [

-
n

> - I

O T
l-;iu b EE ] ;E
) Lo | ¢ & &k a3

e Integration Typ. Results in Higher Comp. Stresses & Complexi Lower Performance
g vp ] p plexity / rfi 1EEE | PEMC
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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

a
b +
C

i b % 103

T T s s s
R Y s ]

% fo% 5%

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

m Generation of AC-Voltages Using Unipolar Bridge-Legs

I i I, i i
pe - ‘, p,o— - ' o
\
wrr \ g W L3
U = @ —— f""‘:a A -> U = 0 L — ay == u,
G — Lo E |+ -G T L“n — Co
Tﬂd:j E=% (1. ld:j I;ﬂ:j
n o I n o
L i
Bk . N
TR TR TRE. TdnE | ek | WEE | o 7
g . - 2 =
1 2
TaﬂE} Tb2 Ej T02: Lo Tad: :IZCde:J :|: Tcﬂ:ﬂ_'_-xj Jrmm— ¢
(o]
_cn

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

e Standard Bridge-Legs / Building Blocks —> 1.2kV SiC MOSFETs IEEE | PEMC
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Sinusoidal Modulation

m Y-Inverter

j [ Boost Regime ] [ Buck Regime
. 2Um
I i r\‘ c /\m/\
° . b - o Ui
P OTN ) a g F1° 5.\ . /
T = U,
+ : n . § m
i —
Tulnk Tl
lji —_ - iLo,a a 9 18
C el 2 = | Y .
i _ L, | c, P / \_/
RETE S O 5
M H ~ 05¢
n o—- =
wy pOth - =) /
0.0

m Motor Phase Voltages T 0“"”” H||HIIII1!M|AMIIIJ1MH1MJJJMMIJ1MHHMII\IIIWI

ol HWHHHHIHIHIHH‘

Voltage
Current

lll/»1 0 :l‘lll/—1 Ill/z j'lI"/"1 -",'Ill/“'1 (] "rlif]/.1 P[;Il/2 3’[1"!/'1

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

m Phase-Module

I i
p o—=
+
T‘ —
aﬂ: '
f-'i = (-1.1 e <Lk — _‘.--[."i
C‘i Lo i C’o
Lo T,
o & o &
|
|
n e -

Voltage

e Current-Source-Type Operation

Voltage

Duty Cycle

Current

®, ®

~ j ([) Boost Regime ]‘i Buck Regime
W, T é

0.0 ' - dla /

M I

"!;n/"l 0 Tm/‘}l Tm/2 '-!'Tm/f‘l

e (Clamping of Buck-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion

60/110 _I%l

IEEE  PEMC
=L

INDUSTRY _ﬁ_ ACADEMIA

TECHNOLOGY BRIDGE



S1C I Power Electronic Systems
I'— Laboratory

ETH:zUurich

Buck-Operation u,, < U;

m Phase-Module

!l 'ii_ﬁ

p o o a
+ +
! J'"} o &
1. = L - ay —— u,<U

A 1J53 l,ﬁlj “

S

n e

m Motor Phase Voltages

Um

Voltage

e loltage-Source-Type Operation

Voltage

Duty Cycle

s

£

Current

2Um

61/110 _I%l

Buck Reglme

j [ Boost Regime ] [

U

, / /\

' T

1

o ST

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

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

IEEE  PEMC
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Discontinuous Modulation W

-so o
[ Boost Regime ] : [ Buck Regime
N

1.5‘7n
N

Ry SNy o U

ZvLo.a _
— - 1.0

m Y-Inverter

)
°
Y.~
V-
+
g ISY S5 o
»pu
Q
Voltage
@
Py
5

“ﬂﬂ ' \__/ \_—/

Qll
o
|
OQ”

L
rJ'

a
e S n :
n“%ﬁl 00 , di" /

F—Clamping —

' - I
" ; T

Duty Cycle
=)
©

m Motor Phase Voltages

Voltage
Current
—~
=] (=)

3T,,/4 /4 0 Tu/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 IEEE  PEMC
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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
IEEE | PEMC
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Y-Inverter VSD

m Demonstrator Specifications
Vo[Vrms]

e Wide DC Input Voltage Range - 400...750V 230f W W
e Max. Input Current > 1 15A
0
YalV] gy Y-Inverter )
e 15.05A 1200v 8iC 0 1B heme
_____'T___' o- 0..230Vrms
i3 3 Ja‘j: ég} 3 CENR e ===
) v Lo ———
\ » Tl ] %
o L |E3E3 Jqu'JEgT JEgTEﬁT 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
IEEE | PEMC
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Y-Inverter Demonstrator

DC Voltage Range 400...750V

Max. Input Current + 15A

Output Voltage 0...230V,,. (Phase)

Output Frequency 0...500Hz

Sw. Frequency 100kHz

3x SiC (75mQ)/1200V per Switch

IMS Carrying Buck/Boost-Stage Transistors & Comm. Caps & 2™ Filter Ind.

Control
Output Filter 3® Output Board

DC Input
Inductors

. Main
Inductors

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

m Stationary Operation

Up= 400V

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

fo = 50Hz

fs = 100kHz / Discontinuous PWM

P = 6.5kW 100V/div 200V/div
10A/div 1V/div

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

IEEE  PEMC
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Efficiency Measurements

e Dependency on Input Voltage & Output Power Level

U,~= 400V / 600V
U,= 230V, (Motor Phase-Voltage)
fs = 100kHz
— Volume — Losses s | Eﬁn%400V -—-
| | wp Vi DPWM N
Filter Filter Semiconductors DSP / Fans / pop %5 -

Inductors Capacitors

L

065 -

System Efficiency 7 (%

Auxiliaries /
! Buck-Boost
Bu(:k(SQ) Inductors
)/ @ # \ Filter

Buck(Cond PR
Boost(Cond) Capacitors

w
HE
i

/
Buck-Boost
Inductors

-
o

System Power (kW)

> Multi-Level Bridge-Leg Structure for Increase of Power Density @ Same Efficiency
IEEE | PEMC
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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 Interface (PI)

e Application

Power Interface

—> Residential (C1) or Industrial (C2)

Grid Interface Power Interface

68/110 _I%l

lSO}(HZ l|0 IIO 30]\/|le 110 1Gle
( Conducted EMI Limits )i ( Radiated EMI Limits )
 ( Grd Interface ) ( Power Interface ) : ( Overall System ) !
(dBpVv) (dBpv) l (dBuV/m) -
80 g C2 73 80 Cl* 74 | o 50 Q2 [r—
o — : 47
TR Y | D
s} 1 €1 3 40 : Cl
150k 300K SV 30M 150K 500k M 30M i 30M T30M G
(Hz) | f(Hz) ' f(Hz)
C1: Residential (CISPR Class B) C1": C1 & Unshielded Cables > 2m I C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A) (CISPR Class A+ 1dBpV) i C2: Industrial (CISPR Class A)
_ i L L > L A L Ll A A
m EMI-Filter Design for Unshielded Cables > 2m and Resid. Applications (Cond. & Rad.) IEEE | PEMC

ETH:zUurich

INDUSTRY _ﬁ_ ACADEMIA

TECHNOLOGY BRIDGE




-IC I Power Electronic Systems 4
69,/110 ___ Nimmst

I'— Laboratory

Conducted EMI-Filter

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

E 1.,=20pH ‘
i _ — 0
Lan Lo ! ||C=1uF ] ! ¢
DC+ | 10sH 23mH 0 Lye=spl L20u0 —— - —o b
o - HHHF - - _oa
: i H i !
: P JH : :
i i | Coc ., H C= f 3 — :
: = E : +EE 12“;: ]pl"_ I_F_ i CH: ;
Co= i | Crico T T | Z3py 1
|| LSuF R ; !
; D o 3x1.2ky !
DC- | . 75mQ SiC |
o——llEl° - = R ]
Conducted | Conducted
EMI Filter EMI Filter
DC Side AC Side
Cs, (on the back)
e — _-———0-
WE=e W WESS
74435581000 74435581000 74435581000
D8301 D8525
0 o
v_s/z-'ﬁ W, .
74435581000 74435581000 | 74435581000 |8
D8301 D8525 D8525
Lem Lom Com=Cy Ls,

> Low Add. EMI Filter Volume — 74cm?’ for Each Filter gncl. Toroid. Rad. EMI Filter)
—> Total Power Density Reduces — 15kW/dm? (740cm3) > 12kW/dm? (890cm?) IEEE  PEMC
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Conducted EMI - Experimental Results

e Measurements of the Cond. EMI Noise on the AC-Side (QP, with 50Hz AC-LISN)

T . LISN R,
Lo= Los ; [|CTwF —:—- :
DC+ . 10uH 23mH Lo Sul I L-204H - \
o——— - . “C Ik - o
i L H :
' 4 !
DC— H C- _—= ==
- L L YTTS I ] I C=
C= Clie — = 2.5
1.54F ; S4uF
D Y a0 2kv
DC- i 75mQ 8iC
o—— . - 1Y TR
150KkHz 500kH 30MTT7
1200 ; !
T80
3.
M
Z
|
‘Jm \'uLw l \”' »1 w
i mqu “ l“ l
0 L
107

—> Small 80uH CM-Ind. Added on AC-Side - (3cm? of Add. Volume = 0.5% of Converter Vol. )

—> Conducted EMI with Unshielded Motor Cable Fulfilled IEEE  PEMC
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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)

cable

e Measurement of Radiated Noise with

L n
IR . RP\#LHH
= i i EUT 1 j'i | I :
o Pleom| ”‘IH Antenna
E | J_i [ L = Measuring distance '_!
| ofFerioheral = H L:(3.0£0,1)m .
I |
ET | || I
| | |
i~ |
F P (124£01)m I
o % . I
Motor i ! %’”}4—;% N':E;T: i
I v I
— : ""*‘ml g Cmanat repaHil| OATS, SAC: groundplane
' I * * Lind
. . [TEC 61800-3]
Either or Special Needed

Alternative Pre-Compliance Measurement Method IEEE | PEMC
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Measurement of Radiated EMI-Noise (2)

are Dominant Source of Radiation
o Relation Between Radiated

MULTCONDUCTOR
OR POWER to " fleapie * Iem A
- = lcable
Fiow SPECTAUM r 4
o . raNAL\fZER E — CO
> Ho 5 lem A
- mmpa | o £ J — 7> leabte
gLt :
CLAMP.ON COAX
CURRENT
PROBE
E (dBpV/m) Icm (dBpA)
60r 57 31 58
RGP 2 C
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 6.3C) (F-33-1) IEEE  PEMC
=L
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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 | L
Lan Lo | ||Cc 1uF : w =
DC+ Lw_ oo 10pH 23mH 4 Ly Spll I L —20uH —— - — im-—ob
0—-—_L——: = - HC=1uF - — L i oa
: | by 3
! P Cpe L o= C= ! 1 _1_ 41 _1_
|| —— +E_ lZp{_ 1pF Il | Cn T T i i T T __cvmc i
| [Cpnc e, Coe 1 = = | 2.5uF L 10nF
¢ 100F| ' | |LSpF i 54uF ; [ ‘
: L b =y 3 kv ; L |
DC- D o Jq} 75mQ SiC ,,J ; L = ;
- T .o - B —————— e )
Radiated Conducted Conducted Radiated
EMI Filter EMI Filter EMI Filter EMI Filter
DC Side DC Side Y-Inverter AC Side AC Side
(on the back)

Cy2,pc (on the back) Cro

—> Additional EMI Filter Volume Already Considered with Conducted EMI Filter
—> Total Power Density Slightly Reduces — - IEEE  PEMC
=L
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Experimental Results - Radiated EMI

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

: Lan= Len— [[€ i
T - _10u _2;:5'313"_, Lpc=5pH . “ L-20ull :
i : - H HL_WF - j
i ; ‘ Cpe| l: — c- N I N I i
L 1 1 2w 1uF 1uF ST T T 00T T TCuw !
| : Te.- T | 1 T T 2.5)F =10nF |
i e e = In1.2kY |
: _____c - Jﬂ}ﬁnﬁwc oJ = |
AC
s =
3 .
S 20
Z
m
=
0 il L i P
30M 250M 1G
f (Hz)
—> Already Noticeable Noise Floor
—> HF-Emissions Well Below Equivalent EMI-Limit -> Final Step: IEEE  PEMC
=L
ETHzurich
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I-DC-Link Inverters &
Monolithic GaN AC-Switches

IFEE  PEMC
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3-® Current Source Inverter (CSI) Topologies

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

% Jn% JS}__?FK

m 3-O CSI

—> Single Inductive Component & Utilization of Monolithic Bidirectional GaN Switches

J:”ﬁ

13

O

B3 3. BB J53+Ja:*% |
[
| TE} Jo o
Ty EyEy
T a3 — T
Ruoe Sy SRV

TQIE}T;‘EI}TSIE;* C
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3-® Buck-Boost CSI (1)

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

-400

ETH:zUurich

0NN

-100 F

-200 t

400 ‘ ‘ ‘ ‘ ‘ ‘ ‘

200 |

-200 |

10
t - time (ms)

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

20

76/110 _I%l

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 | . | . . |
200fF T 1T 11
> 0
-200 e
| —
S Y — Upn
-400
400 ——ff—¥ ‘
0 S
= 0
2200 |
-400

0 5 10 15 20
t - time (ms)

e (onventional Control of Inverter Stage —> Rel. High CSI-Stage Sw. Losses
IEEE | PEMC
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3-® 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 RAPRP
— \ /"‘
200 | 20 ¥
0 I 10 . 15 20
t - time (ms)
e Switching of Only 2 of 3 Phase Legs —> Significant Reduction of Sw. Losses
IEEE | PEMC
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3-® 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 ————

—
—

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)
IEEE | PEMC

. " INDUSTRY &ACAD[M[A
ETHZzurich P N

TECHNOLOGY BRIDGE




Power Electronic Systems g
|-I E I_-I Laboratory 3 80/110 ]

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 Peam—— e

V)

00 A

-100 ¢

-200 ¢

400

200 BN U4 O oA

(V)

-200

-400 S S S S
0 5 10 15 20

t - time (ms)

e Operation for 30°Phase Shift of AC-Side Voltage & Current

IEEE  PEMC
DUSTRY _ﬁ_mmmm
m Z L'j r [. Ch .............. |\I\|||||||||‘||\I\nm..m..‘.‘..‘....mm|\II\|\|||||||||\II\| ..............
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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

200p -

V)

-100 ¢

-200

00\ A

e

400

200 |

(V)

e Operation for 90°Phase Shift (£90° — Limit Case for Buck-Stage Current Control)

ETH:zUurich

200 fo o A0 N .,

a0l

10
t - time (ms)

15
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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 . B
sy fae  + I_C, o Stach

Speed & Torque
Controller

—1 400

- 300

2/3 Mod. (6-Pulseiy) > 7 V7 N7 OO T N O\ N
2/3 Mod (Guse ) > ST T SN AN

Full-Boost Operation XN A LN A AN A A
-10 ‘ P A / ‘ — A . - - 5 vy §-100
e Seamless Transition from e NN N AN o
Buck to Boost Operation ) S T S S CRE TN SR Y B LT Y]y -200
0 20 -40 60 80 JEEE PEMC
t - time (ms) L
ETH:zurich |
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3-O AC/AC Converter Topologies

m Current DC-Link Topology m loltage DC-Link Topology
e Application of M-BDSs e Standard Bridge-Legs
o (omplex 4-Step Commutation e Low-Complexity Commutation
e Advantageous Over Matrix Converters e Defined Semiconductor Voltage Stress
e Low Filter Volume ’ e Facilitates DC-Link Energy Storage
‘:IZI normally . . . .
- Y% J%} b
> 5 T —— _— 2
b B b - + B
e ° . == _—
C C v Z ) C
' ' 111 - T 1] _— I
%_ : O aps | BRR O

e Challenging Overvoltage Protection e High Input / Output Filter Volume
e Limited Control Dynamics

IEEE  PEMC
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200kHz SiC Current DC-Link AC/AC Converter

m Normally-0On T0220 1200V/6A SiC J-FETs — Built in 2008 (!)
m 1200V/10A SiC Schottky Series Diodes
m X7R Ceramic Filter Capacitors

- t
| | “[1 M[] Lpcl2 R-L-type Load
I _ LI Mains EMI Input Filter 5, b §,,h S, Spap Spap Spe Leyiow  (Mains)
F M2 Ly o L gamp Lpaaa Ly -CM1 x 2 ;
Alo—c- - - - . A, a Uy, Uy Iy A
VAC W380 35 puH at 35 pH at VAC W380 A A )
3x 11 turns L=44A L=44A 3x 11 turns = Uy g o -
- — P— - B, 2 3 ; % Dpw -—
3 =] z c || +— Uy Drw e ° ihceC
= Clo—e l l L;j—-—. l (ONS] T l ! -
: -— L 4 4 l (428 =i - bc
== == gﬂ“ﬂf s?ﬂs_: —— T — 8 = CCMVZRJGMF ffﬂ’:.l}-:: ——— - % — T_’C;DZA:PI u; l_[__ S S"a Snb Sm_‘ SA,, SB,, SC,, i — } PR .r -
PE 3x 19 nF PE 3¢ ll, iDC LDC/2 m ‘;* +3 fZ.ref
. . " ” - 50 Hz : ‘:’ PR H -9
Placed on EMI Filtering PCB Placed on Power PCB : .
........ '
3ph, 3ph Sap Sna Stp S Sep Sne : Spa San Sps Son Spc Sca 3p 3p) 3ph
op| [PLL |||||| T 2 R V1 V7
Uyg l Ui | 91 Input Stage : Output Stage 1204 o) "204 U
ofp SPV Modulator SPV Modulator Jorer — o
A : B, +ip i
uldl lulq ~0 PT, li| =i, Urg luzq ~(0
iLnf o iz_", v+ =
Inc,re Fe IDCfu - O De—=U,,y
Output Power

Feed-Forward

e Natural Free-Wheeling Current Path for Gate Driver Supply Loss IEEE | PEMC

. . INDUSTRY &ACADEM[A
ETH:zurich




Power Electronic Systems
FEE Laboratory ¥ 85/110 _lgl

200kHz SiC Current DC-Link AC/AC Converter

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

. Croy /M I /] \
m Coldplate Cooling S MNi | |y
o ST [,
Input 400V, . Line-to-Line :
Output 0-..300“2 i \ I/“V 5 J \ VI; 500 V/diV».‘\
Rated Power 2.5 kVA DC Link _ ACInput £
2.4 kVA / dm3 Output Filter Inductor 2 /\, - o\
(40 W/'Il‘ls) Capacitors - / & g \‘
\ \_/
Output CM N7 4] 200 Vidiv E{V -
Inductor PLs
= - ° :m'ﬂ_h_ T
L 80 v {’fy P | ‘— b-% | T
o QP, Clgss A N \ “ p E
2z = » 1
=2 o Input Filter B 1 N N It B
< / \ Capacitors upc, 200 V/divt
g Jeo . - ;
= i ipc, 2 Aldiv
2 -af/ \A oM \ DC-Link TR L
g F ).,4’,/ WA/ AC Current Sensor i
i DM Output - Output : +
l—SOk M Current Sensors 230 x 80 x 65 mm3 : 2 ps/div 4
Frequency (Hz)
e Low Volume Toroidal Powder Core DC-Link Inductor (320uH) IEEE | PEMC

e . INDUSTRY &A(TADEM[A
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! FENETGd 3-O AC/AC Matrix Converter

m Indirect Matrix Converter (IMC) m Direct Matrix Converter (CMC)
e (SI 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
E
_ Exl
Z[:i :l:i Z DJE?}QL%JEI} Le a g Lem A
~ a ™M A o Ojg_é'__o_ Z
N -3 %— B v N e - — S
c = C ¢ I = C
- —L____ o s I-l'_-_- __———La —T_==__ DHO_ ——==—Lo
TG ey T b
- T
kxi
3
— Higher # of Switches Compared to CMC — Thermally Critical @ f,,; = f;,
— Lower Cond. Losses @ Low Output Voltage IEEE | PEMC

INDUSTRY _&_ ACADEMIA

— Thermally Critical @ f,,, 2> 0
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Monolithic 3D-Integration o1 Panasonic 5101

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)

DBM gate drive Isolated
transmitter chip dividing
couplers

PWHM signals

5.0GHz Isolated (5kVDC) Dividing Coupler

Rehrencez GaN integrated
Poit2 bidirectional
(To RF-triggered : . .
A 15'“‘“ bldlvecuonga‘: switches ) switching chip
1.2mm - ‘ Port3
4, - “ »R fi 3
eference
-, ‘\) R
Port1 RF-Output O-Ei;__'
(From DBM oy
transmitter ) RF- Inp:tm. 1 » - : g i
TR R -
P.CB 0.28mm ¥

IEEE  PEMC
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— Low On-Resistance & High Sw. Speed SiC / GaN

— Monolithic Bidirectional GaN

— Integration of Switch / Gate Drive / Sensing / Monitoring
— 3D-Packaging / PCB Integration / Adv. Cooling

Summary

— S-TCM Full ZVS Inverters

— Multi-Level/Cell Inverter Topologies

— Buck-Boost Inverter w/ Integrated Output Filter
— Inverter Motor Integration

— System Level / Distrib. DC Bus, Integr. of Storage
— Power Electronics 4.0

IEEE  PEMC
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Future Development

m Commoditization / Standardization
m Converters - Systems / Power = Energy
m Extreme Cost Pressure (!)

Technology Push

* WBG Semiconductors
* Digital Control
* Adv. Design & Packaging

A
» Standardized

Performance ' =T « 3-D Integrated

| AN g

| / | — * Reliable

[ R - Ep— » Cost Optimized

|/{’_____.| -------- * Plug & Play

| ;4P—— * Environmentally Friendly

| | \

: : Market Pull

' ' » Smart Grids

: :  Green / Smart Buildings

, | » HEV & E-Mobility

! ! » Time

2010 2025

e Key Importance of Technology Partnerships of Academia & Industry

ETH:zUurich
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Appendix A ——

Accurate Measurement of
SiC/GaN Power Semiconductor
On-State & Switching Losses
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A-1 M-
On-State Voltage Measurement (1)
m Device / Load Current / Gate Voltage / Junction Temp. - On State-Resistance Ry,
O_Vdc g 137 ‘ ‘ T ‘ ‘ T ]
Sl ! I - I‘ ] @
>R . ;
CdL== Vow lé -0 I:O e "
Ul: : {c)
E Vg C0== Ro
Vos o ]
o - 1 (@
Roston) = Voston)/ T
I
e Decoupling High Blocking Voltage and (Very) Low On-State Voltage (=1V << BV,)
b IEEE | PEMC
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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 s

ETH:zUurich
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Switching Loss Measurement

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

gy e aub
) Heat | M PCB
\ ¢ Spreader Thermal
N &5 puf Insulating Heat Fad
T Box Sink
Insulating =~
Box  Heat Sink

Heat Sink Temp. - T;, (°C)

40

38

36
34
32
30

m Case Temp.-Based Ultra-Fast Method = 15 sec / Measurement

N PCB

Heat. "
Spreader Cann i Thermal

Insulating Heat Pad

Box Sink

«~ 100

Case Temperature - T, (°C

[o.2)
(=)

[=2]
]

s
=

b
(=}

A &7 & 60&1\]
S/ N 2
/'
—— Measurement
— Model
250 500 750 1000
Time - ¢ (s)
BW_ e
/’ - -
2 6.4 W
4 __——-—.—-—‘___———__
! = = = High-Side |
f == Low-Side
I
L === Measurement ||
=== Model
20 40 50
Time - ¢ (s)

A-3 ___ I%l
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Example Measurement Results

m 650V GaN (2VS)

Switching Losses - F,,, {mJ)

'W/Ocext

10 20 30 40 50
Switched Voltage Slope - dvgs/d¢ (V/ns)

0.5

04 SEEEI: ' Equga
03} EIF i 1 0.
oz :

0.1 SSELARLLL OusUnc

Switched Current - L, (A)

m 1.2kV SiC (Hard-Sw.)

ETH:zUurich

m 200V Si vs. GaN (Hard-Sw. & ZVS)

= 180 . ‘ T ‘ T . ;
= 5ot -e= OptiMOS 3 FD
Lﬂi —e— EPC 2047
, 120 F [o)
2 @ @ Tj,-based
g 90 o T.-based
]
B 60 |
T 30t
EEN I T S ool

-30 -25 -20 -15-10 -5 0 5 10 15 20 25 30
Switched Current - I (A)

200 ———] 200
. — OptiMOS 3 FD
160 — EPC 2047 160
120 ] 120
= =
< 80 Z g0
= 40 T
0 0
0 40 80 120 0 40 80

Time - ¢ (ns) Time - ¢ (ns)

dn
A-4 il
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Appendix B

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 Ry

Ch]nrk a R A'l R r:'_
L{ “” - 1o A Roa
+ 7
Rioi 500 UDM,out,a
“"p 2 Cl.xuu a ) Ry
Input B DM Output B b C"k"k 4] up b RG A R,
b, - 5 ut,b
DM OQutput ¢ @ & Input A ) — /
i - ) Power Hh . 500 UDMoutb
3 : =\ Supply Ct(p b fafag Rp
Power | Chlock,e }-?L .
Input t Lp ° 3 Ag‘. an.r:
/ — o
R 500 UDM,out,c
hol o
ll)])l . |
D Ar Ruuom
500 VoM out

M Output DM OQutput A

O -
. ' 17dB 1
[ ke =~ = = = — = === —SSSScoosss-—oocssos===o P B
=z — CMRR A 5 ‘;9 dIB
= A0 F CMRR B Passive AT e A }
E CMRR C T S SO
= ] 205=" . /T . 1
o -60 == — y | -46dB
s e 7 .
80 hor-mrt Active i
1 l
10° ! 10° 107 !
150kHz Frequency (Hz) 30MHz

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

—T)

AC

DC

L+
T

DC

AC

i
90/110 ___ Nl

Q.

g A
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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

IEEE | PEMC
T. Wu, B. Ozpineci, and C. Ayers, “Genetic algorithm design of a 3D printed heat sink,” in Proc. Appl. ﬁ_
Power Electron. Conf. and Expo. (APEC), Long Beach, CA, USA, Mar. 2016. .;’ﬂm::mﬂ]};.


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

S1C I Power Electronic Systems g
1'=d 92/110 __ Nisl

Laboratory

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 6 s 5 |
1989 (!) (b) Neural comparator [ msec ]

ISEEES

o

Network

IEEE | PEMC
s F. Harashima et al., “Application of neutral networks to power con¥ester control,” in Conf. Rec. IEEE fﬁ N
mzurICh Ind. Appl. Soc. Society Annu. Meeting, San Diego, CA, USA, O&t._1989. .zﬂh::»dﬁ*;.
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ML Applications in Power Electronics Life Cycle (Examples)

Design >> Control > Maintenance >

Offline Online

Offline Learning Model Training Online Fault Diagnosis Data - D rive n Dete cti o n of IG BT a n d Cu rre nt
Historical Measurement Data Online Measured Data
‘ Phase A Current | { Phase A Current J Se n so r Fa u Its
‘ Phase B Current | { Phase B Current J IGBT . 't f It
open-circuit rau
[ |  —T— » Inputs: phase current measurements —— |
¢ Sampling ‘ FFT : / i /\;/ I }}/‘l( ' I 'l‘l‘, ﬂpen—:'irrcuit ﬁlmlt :
Data Acquisition Online FFT results f I d I : B R -Gl WP WP P N Sl N W S
i Faitisia] : » Output: fault type and location
| Various DC-link Voltage | : D
[ Various Load Conditions | I . .
[ Speed Variation Transient | +%o,88808s8s0ussunn0000 < o o A Ui
| Labeting T . Pl diagnosis sigial N g i g
Fault Dataset for IGBT & Sensor Online Feature Selection Result . ‘:Hl 100A xdi»: R UI}I l(l().’\,dn‘ Ul_"]\.d” . T‘im‘c bu;m.y;ﬁ‘., ="
1 [ ia in [ic |[ 1 ia|in | ic ° lie
1 2_3 %o
22 3‘1 o ooooooo°ooo°oo°oo ooooo Us /2:; Ty T T5.| Sensor offset faUIt
o
Feature Extractia4Fearure Selection ¢ = D; Ds K Ds Tekpevy . ————— =~ . - NolseFitter Off
N A== : : ] : : : : : :
FFT + ReliefFF ¢ o Voltage 2N = M 3 { IM Fooor ittt 2 SO fanlt injection ¢+
[ Labels | I Features | Online Fi . . Sensor ip L L o \ /1(‘ z : g :
ine Fault Diagnosis C -~ Y SO I et
; _ . > 11T N g
| ReliefF Algorithm | - RVFL Classifier = Tyl Tel T) Current b ; A
* - D, Dy D, | Sensors »
[ Quality Estimations | ‘
r - e - - ———— ' Speed i
* Training Fault Diagnosis Result Uye R C_a_mm_afv_f.flgriu_ls ______ ' ia |is |ic Sensor : : N U SOUE § vy e
Fault Diagnosis Model Erny T LT v TW T\‘ f‘_ T‘_ TV TV TV vvY Vv 7 ; i : ; o : . .....
RVFL Classifier HA [[FoultType | [ Faultocaion — 2C' " I;S;4 A |<_,_w CHI ZOV:di\: ‘: ! : | . : lo . ;![l .l_ .
ontrol System CH3 200A /div CH4 200A%div_[10.0ms J@ ooy 15732805807 )
o 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- ]btiﬁ:ﬁm
mzurICh phase PWM inverter in induction motor drives,” IEEE Trans. Power Electron., vol. 35, no. 12, Dec. 2020. .zﬂh::aﬂ]};.
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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!

g A
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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

AC 1, |pC
‘ pcl T AC

Control \ s

» Example: VSI with necessary sensors
= DC Voltage
= Phase currents

hy S}

V4
Vi Lys By 1

5

ETHzurich e

1
. —o)—o)

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

» Proposed in 1988/1991 for PMSM PE 4.0 Concept R
e ; ; . . circuit circuit
rotor position estimation » Utilize already available D Qﬂé
» Based on measuring position- inverter capabilities —
dependent differential reactance x = Current sensors ek bench
: inverter branch permanent
. .. . control clock magnet
= Test signal injection y svnchronous
. . pe . £ ) i
_ (minor SW modification) controf machine
m:m b) inverter branch
controlled by the comparator
_______________ | . ) L
PN ! : >l Aig,
\ ‘ / /E“'s:._h _____ }
ETOM2H ; xdiﬂ-(a, Ir) - i, Ar)l“,r:@;-:o Vg intelrvﬂjm?;vall :
Switching state Phase current T s
during test sequence measurement m’mm
controlled by the digital
£T 00464 control circuit
M. Schrodl and T. Stefan, “New rotor position detector for permanent magnet synchronous Mtiﬁfiwc

mzurICh machines using the , Inform”-method,” Europ. Trans. Electr. Power, vol. 1, no. 1, pp. 47-53,1991.
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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

T

|4_

k process parameters
/

\A22322222222222

- analog stater current signal

I _HBe [ Haee

" digital stator current signal

statistical time values
spectra/cepstra analysis
trendsetting

"7 data reduction’

cluster identification
classification

signatures

= T

control room display
fault detection

diagnostics

| | data acquisifion modul |

data processing modul

|aiagnosncJ |
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—
M. E. H. Benbouzid, “A review of induction motors signature analysis as a medium for faults detection,” /EEE Trans. Ind. Electron., vol. 47,no.5, 0 l# .zﬂh::::ﬂ}*;.
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Example: Data-Driven Machine Bearing Damage Detection

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

98/110 I%l

~ Fraunhofer

Mean distances to mean reference spectrum, 2500 rpm

Cognitive Power Electronics for ™*
Intelligent Drive Technology

140
—120f
E 100 f f + /-%% \
» Current spectra differences dominated by operating .‘Z 8o} * ¥ %+ -
point, not by bearing damage S—— g \Opl 10 Nm * =as
) g 40 |
N Outer race fault: 2500 rpm 11;)Nm 1okHzI e (DS’, 20 F Healthy / %Pz 20 Nm g
i s sk 2500 rpm, 10 Nm, 10 kHz s - e refe rences
ealthy: 2500 rpm, 10 Nm, 10 kHz i A 0 L
. 20 N i’; 'Lr
i I:> F o : ) oPi » Fault detection requires referencing to a
3 Principal st ‘ healthy case for each operating point!
Component = A sl .
Analysis @ L m > Ongomg research
0 % 60 % 120 150 (PCA) = OPZ s 5 =
E,HZUrfch E;OR;ueciieorr,) )éol_ri;,(:ggcl\)/rl.Lﬁz\fl\lniqgasr;r:;r;(,:gger::qi\a/i;olj\n;?; sgezcé'ronics for intelligent drive technology,” in Proc. Electr. Drives ﬁ_
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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 | | |
Un ! l !
= Vo | 1 | =
we — ’W"\—=r-—| 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
.
i
P S SO
1
5 i
L e
Sample g i
8 ok
Q
§
3

N-1

Signals

ETHzurich

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

g S
.'I:..EE,_LI "EMC
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l Remark: Need for Extended Sensing Capabilities? ©

» Data (quality & quantity) is key for successful ML

applications

» Improved Sensors
= Higher bandwidth
= Higher sampling rate
= Higher resolution

» Additional Sensors
ESR of Capacitors

Vibrations

ETHzurich

Memory
Processing power
Uplink bandwidth

On-state voltages of semiconductors
Component / heat sink temperatures

\_~

-
S
\Qa._

i
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Example: Capacitor ESR Meas. for Condition Monitoring

A ST T
Tl

10 ¢ e 30
Zc Sc=10sc |
I E =420
[0] \\\ ZCl:mOh /// 1 [a]
0.1 BN ‘ ZC‘NEW e
[ H Rgsp A

0.01 —rrrrrm— “ |MM 0

10Hz 100 Hz 1 kHz

10kHz 100kHz 1MHz 10MHz

= mcro- P
CONTROLLER DC LINK
BUS BARS
| | +
: I PCB
Ry L |
) r
SHUNT-
RESISTOR
MONITORING BUS
ELECTROLYTIC CAPACITOR

= Measurement of ESR in “frequency window” (temp. comp.)

= Data transfer by opt. fiber or near-field RF link

IEEE | PEMC
M. A. Vogelsberger, T. Wiesinger, and H. Ertl, “Life-cycle monitoring and voltage-managing unit for DC- 4-:73
link electrolytic capacitors in PWM converters,” IEEE Trans. Power Electron., vol. 26, no. 2, Feb. 2011. .zﬂ]n:aﬂ]};.
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Remark: Sensing Concepts (1)

On-State Voltage Measurement s

» Characterization (dynamic Rds'on)

ds

» Condition monitoring

1 V/div
DC 50Q

Ch. 2:
200 V/div
DC 1MQ

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

M. Guacci, D. Bortis, and J. W. Kolar, “On-state voltage measurement of fast switching power
semiconductors,” CPSS Trans. Power Electron. Appl., vol. 3, no. 2, Jun. 2018.

ETHzurich

i
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Core Flux Density Sensing — The Magnetic Ear
Auxiliary

Auxiliary core . core + winding
[L]w:

Main core

Auxiliary
winding

....................... =
hﬂ] (75 e =
m R, -;Lr,m 0 eool—L 111
Main core Asym. Magnetization
» Shared magnetic path: ;i il i
Laux = f(Bmain) s 0.51 I :
» Meas. circuit: Lyyx = ) T Y S Y Y B

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 P
application of ‘The Magnetic Ear’ for closed-loop volt—second compensation,” IEEE Trans. Power 4-:73

Electron., vol. 29, no. 8, Aug. 2014. -ﬁﬂ]ﬁ:ﬂﬂb
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Remark: Sensing Concepts (2)

Direct di/dt Sensing

i
102/110 ___ 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
VW]
COIL [}
"""" di/dt a i(t)
Main Conductor . '\
I F\J .,_I/
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
inverter fed induction machines,” IEEE Trans. voltage pulsesy
Instrum. Meas., vol. 53, no. 4, Aug. 2004.

R=0.88 | I
1 1
sample instants

.
=
Ras
=

Vo

Chucheng Xiao, Lingyin Zhao, T. Asada, W. G. Odendaal, and J. D. van Wyk, “An overview of
City, UT, USA, Oct. 2003.

integratable current sensor technologies,” in Conf. Rec. 38th Ind. Appl. Soc. Annu. Meet., Salt Lake

.'E.‘:'E_Lf’b.‘lf('
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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.
IEEE | PEMC
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 ﬁ
N

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.
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! 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
111, Operational Data e j-‘ﬂ&w-w‘
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.

g A
H:..‘:ﬁ_LI EMC
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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 I3y Tps Lg :wM': TM

e,
J@ J AC DC
65. I\ L pc| T AC
= 9 Application
()
_ \ J
@S Grid

o,

ETHzurich

Application

|

TN N O
by NS}
)
e
J

g S
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Example: From Gate Drive to Cloud

» SIEMENS Smart Inverter Concept

Internet
Gateway

A

Sensors
(Speed,Temp.)

Intelligent Gate Drive Unit
* Semiconductor protection (overcurrent, overvoltage, ...)
» Collecting and preprocessing of sensor data (current,

voltage, temperature, ...)
» Semiconductor specific condition monitoring functions

i Passive Components
T (Filter, dc-link, ...)

q Sensors
q” ' (Current, Voltage, ...)

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

-

Gate Drive Unit (GDU)
(e.g. intelligent digital GDU)

I

Customer
Automation

Internet
Gateway

Internet
Gateway

ETHzurich

» Utilize high computing power and
network effects in the cloud

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.

ETH:zrich
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Example: PE 4.0 as Part of Digital Ecosystems

» ABB Ability “Digital Power Train”

&
R lm
—_—

Motor

B, .

Mechanical power
transmission
eg bearing

—

Application
eg pump

ETHzurich

Maintenance Manager

Reliability Manager

e

Production Manager

@

Safety Manager

—@

https://search.abb.com/library/Download.aspx?DocumentlD=3AXD50000477821

» Schneider Electric Ecod truxure

Innovation At Everv Level

108/110 I%

Aeitteinbo: sk kbl 2
EcoStruxure™ Architecture

Apps,
Analytics &
Services

Edge
Control

Connected
Products

End-to-end Cybersecurity

Cloud and/or On Premise

AVEVA Soﬂwarn
Enginesring ‘Asset Perfor
Planvieg & Operations  Mrstoring and Contrl

Modicon

EcoStruxure Machine Advisor EcoStruxure Asset Advisor
EcoStruxure Profit Advisor EcoStruxure Power Advisor
EcoStruxure Control Advisor EcoStruxure Resource Advisor

EcoStruxure EcoStru: EcoStruxur
iybrid DCS Foria 568 Triconex Safety
]

LN

EcoStruxure
:ggmenled Operator
visor

J — —
SCADA Systems _ EcoStruxure
Power Monitoring
Expent

Altivar

Lexium

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

https://www.se.com/ww/en/download/document/DT_eguide_09-10-19AR0_EN/

Set Series Telemecanique
Sensors

IEEE I-‘b MC
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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

g A
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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.

g A
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Thank you!
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