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Variable Speed Drive Concepts

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

Uy
i

a

38%

of electric energy use is for motors
in commercial buildings.

hl

@ of electricity consumed by industry

B attery 3ph MOtOI' is used in electric motor systems.

® 45% of World's Electricity Used for 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
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e Line-to-Line Voltage | CM Leakage Current | Motor Surge Voltage | Bearing Current
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State-of-the-Art Drive System

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

DC link choke
Diode rectifier
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High Sw. Frequ. > SiC|GaN
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m Si-IGBT / Diode -> Const. On-State Voltage, Turn-Off Tail Current & Diode Reverse Recovery Current

m SiC-MOSFET —> Loss Reduction @ Part Load BUT Higher R,,

6x Si-IGBT

6x SiC-MOSFET

g 6x Si-Diode ° .J .J ,J
CERENNE 5 B E
Vie - : Vi —_— FJ
J Jq Jﬁ z
1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4mm? Die Size: 25.6 mm?

® Space Saving of >30% on Module Level (!)

e Extremely High dv/dt -> Motor Insul. Stress / Reflections / Bearing Curr. / EMI
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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 —> Loss Reduction @ Part Load BUT Higher R,,
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® Space Saving of >30% on Module Level (!)
e Extremely High dv/dt -> Motor Insul. Stress / Reflections / Bearing Curr. / EMI
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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 —> Loss Reduction @ Part Load BUT Higher R,,
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Die Size: 98.8mm? + 39.4mm? Die Size: 25.6 mm?

® Space Saving of >30% on Module Level (!)
e Extremely High dv/dt -> Motor Insul. Stress / Reflections / Bearing Curr. / EMI
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Full-Sinewave Filter & ZVS Operation

m Sinusoidal Output Voltage
m Triangular Current Mode (TCM) - ZVS of Inv. Bridge-Legs
m High Sw. Frequency & TCM —> Low Filter Inductor Volume

p l l ol 40[7, . ThI b1y by na _
RISENCENCE S Y| S " ; L - | Y I —
T ] - :’ | ' .
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T, | ! |C — DHH S =201 | “m ll“l“ _ [_,@TL
C|TikeE ok % W i 71T NI/
° 0 T./4 T,/2 3T,/4 T, R t

t R

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

m Very Wide Sw. Frequency Variation of Conventional TCM

m Allow Larger Current Ripple Around Zero Crossings N
v LS ’T‘ﬁyil | i l S "ijihau(l ; - .
< 20f il : i .'K"HW : .
% ﬂ“Wv] AVJVHW/ La V"V’ I "V,IV ILa 99.7% Semicond. Eff.
g 0 ' ] | w T T iiittiii 99.5% Total Efficiency
OE 20k L W I (T }M
i M i/ 1L .
-40 L ' - : B-TCM Bridge-Leg
1200V SiC MOSFETs
Z P =2.2kiW
- ] U,=8oov
5 s fs =50kHz...140kHz
£ P L = 52uH (106 cm?)
0 i ' l i ' i C=8.8uF
0 T./A T,/2 3T./4 T, 0 T./4 T./2 3T./4 T,
Time (t) Time (t)
e TCM - B-TCM — 10% Further Increase of Transistor Conduction Losses
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Volt. Slope dug,/dt (V/ns)

¥ Remark

m Overlap of u,s & Channel Current i, @ HighI,, > 1,
m Temporary Turn-on Due to u;; > uy,

5

Residual ZVS Losses
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® “Kink” Current I, Dependent on Inner & Outer Gate Resistance & u, ,
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Energy Loss E_, (uJ)

¥ Remark

m Overlap of u,s & Channel Current i, @ HighI,, > 1,
m Temporary Turn-on Due to u;; > uy,

5

650V SiC @ U= 400V
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® “Kink” Current I, Dependent on Inner & Outer Gate Resistance & u, ,

iogdticas

pcim

EUROPE



S1C I Power Electronic Systems

I'=d

Laboratory

Si IGBT vs. GaN Inverter System

m Comparison of GaN Inverter with LC-Filter (f;=100kHz) to Si-IGBT System (No Filter, f;=15kHz)
m Measurement of Inverter Stage & Overall Drive Losses @ 60Hz

YASKAWA
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> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) !
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Multi-Level
Inverter
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3-Level Inverter Concepts

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

N o o

111
o = [»
T
L —

CX TR

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

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

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

(infineon

p . Panasonic
| B 3 B N oy
T A 0 G181 Gate1  Gate2 "5 .
By e mpea—y AN T
s — <\l S
Upn I_EE L Jlﬁ Jlﬁ "‘llﬁS 1 __J_ Buffer layer
n . l . T T —|— Si substrate
e Factor 4 (!) Reduction of Chip Area vs. Discrete Realization
pcim
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ETH:zUurich



Power Electronic Systems g
|-I E I_-I Laboratory 3 14/34 ]

3-Level T-Type Inverter

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

(infineon
b . . Pan_asonic
. @ @ @ Vazsy, |
J:E Siva JH JH JH Verst Gated ’ Gatez Ve
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e Factor 4 (!) Reduction of Chip Area vs. Discrete Realization
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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 (

@ ,0 ® 0O ©,0 O O
! I
L L T, =12T,

——

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 £y @ fy-Determined (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology to HV
400V
° fow
L ’ 0
e 8f L
. f,
o / _400V
= —3 Nf, Al L Af w8
| ) ) JET};‘E SVI%L max,N ~ Nz max,N=1 ,
o i i .____1.._ﬁ,jIj{
JE? I I
=" 20 A - - =
. 0 5 10 15 t{ms
up s S 400V —
Sk .
2 200V
\ J'ﬁ AU v — i(i)Z 1 ! !
o l] 2;2 f; pJ3 0 ! i i A | i MV S
0 2 4 6 8 10 12 14 16 f[kHz]

fSW N .fSW
e Scalability / Manufacturability / Standardization / Redundancy
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7-Level Flying Cap. 200V GaN Inverter

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

U,

de
N g m e o o
400V 187 e 7 S e V7 S B €7 0 B ¥ B .
No—ICDc ==CFC.5 ==Cpc.4 ==Opc.3 ACkco ==CPC.1 [a iy e
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71, 800 Uy,
99.0 o——=0
98.5 3L, 800 U,
98.0 bl
97.5 /
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0 20 40 60 80 100 120
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e High Effective Sw. Frequency (6 x 30kHz = 180kHz) -> Small Filter Inductor L,
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Quasi-2L & Quasi-3L Flying Cap. Inverters

m Operation of N-Level Topology in 2-Level or 3-Level Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

AL HD D Vs
Rirm |., (?ontrolleg as \ P |'° Clontrolleq as
single switch -~ single switch
- - —
-/ Y -
¥ . ) Controlled as
|_, — High capacitance |-» single switch
/ 3 flying capacitor \ ya
7 Lo
b [ ! i F
= L i 7 = E=l =
()lvdc 7] ) L . ()lV de Cq C, Cq
L —
/ Controlled as // | |-°
Only for transient single switch Only for transient
voltage balancing |'° voltage balancing |"’
a .
F
QL Q3L

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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3-® Hybrid 7-Level Inverter

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) (fu)

e 200V Si - 200V GaN Technology Results in 99.5% Efficiency .
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4.8MHz GaN Half-Bridge Module

m Combination of Series & Parallel Interleaving -

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

* 820 W/in?
/_/_:‘ Semiconductor Efficiency (%)
2 10
o |
P S e A 9t
N LT 811
= - ., =26 :
U= | Crc U_.':3 _— ——0 ‘g 5|8 Lo
=] m :\_/ '
— Co w 47 962% 71 | lau S Power
:3 —= U, 3 * | Stage
— 1 S 2 F—— Gate Drivers
< Jq} P, . 1 [ S N \ Auxiliary + Measurements
; 2 3 4 5 6 7 8 9

4 Lovels 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 [T —— = — = A 600V GaN HEMT P — o —— = -
| | Jfaw = 800kHz Iy Low-Pass I
| e I B | [ Hall-Effect | 1/ i o |
| k| ok | JmE o, Foserr= 4.8MHz Current sensor |- ; "%
Vdc l ==+ ==— ==+ H > o > P—0 + " . | (lvump E +5 | Vmeas
[ ?_- = . Iqum fipad Sense I_élgh'Fre(S]uenCy : \,\ : :
4 14 = s " :: Lﬁ:;
| :3 :3 .':B | i3 L - Winding—<.__s~" urrent Sensor i Ve FiTEE I
| 4 4 1 | Chin Main s e R By oo s o T ot o o i
| J:}? J:}j J I o _ Winding\wl Ny, o
b= -—— =" \'1\, /“Q "E] l“l (‘in( lvl"" > 300 r ] dl_ ! !
Y | E ol TCI_ ~40 kV/us”
PWM Current : : : :
Signals Measurement — Proposed Sensor i / A 10 |
— Reference Measurement i / A <
117 ' < 8
Control and Modulation |-—ovn*m E 6t
2 iemn
° i = . Z
e Hall Sensor Bandwidth f,,,= 1.4MHz 0 o or a0 oo T30 Ts00
e Sense Wdg. Integrator Corner Frequency f; =350 Hz Time / ns
® Low/High-Pass Filter Cross-Over Network [, = 15kHz
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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
Autom. Manufacturing of Inverter Stage

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

*
S R R L

ot F
Sk e ol
) . .

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

® Main Challenge — Thermal Coupling / Decoupling of Motor & Inverter
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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

1.0
&
B i
= <
;0.5 s
= -
O
0.0 0 Cooling water Power Control electronics — Control ~ Battery start
. channels electronics power electronics electronics  switch (not
"y rower connection  Battery start visible)
0 semiconductors diode
Ty
] . Compressor
0 Time T,/2 T, pﬂt T———¢
outle N Power electronics -

electronical connector

Motor - \ e i - | ¢
] \\ % \ connection

l stator ‘ N\
Toar 2. Tons Toei | J_ Tou3 |Ey. Tons Toeg \O
1 b CTTT B it Ths
a2
al b2 -

1, I bearin
+ U J ﬂf,_{\_{_-+£0 {0 ',_f\.t O - ¢ 9 -r
—~ Y L~ bi ) N— N \ A ? i
Ure C_) T C cl -_ bi \ ! b2 1] Py c2 A
cl c2
Tmz_l'- T()hil';} T()d_l" \—/ T(hu_l';} Tohqt} Tmil';} ‘
:|3 : :|3 L T

\

Electrical
connector

Compressor
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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Buck-Boost |
Inverter |
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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

R
100 ..................... :Up‘clﬂlalx
.
Fuel Poow
Cell - 2
— 1 Upc : g
> Low ] i O
2 Voltag P ﬁ
Fuel-Cell  Inverter Motor E[TTTTT Sra——— T T I IR Usom
o = Operation O
H2 e - Range Current Stress
2 ——
1,0 —
PMSM 0 1 1 L L L 1 L 1 I I
0 Power (%) 100
e No Additional Converter for Voltage Adaption —> Single-Stage Energy Conversion
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Example — Buck-Boost 3-O Inverter

m Generation of AC-Voltages Using Unipolar Bridge-Legs

[ i N,
i R B
+ 1) — — sesesanas .
\ (7 N
|- e — =2
Cufo & Tofe & Tk T v i
7 —_——

P PR (S - =1 " MSN
Tk ek TR Lo == ===
L = I
L i :
+ P o : R
N
TR TR TRE. TdnE | ek | WEE | o 7
a0 1G @ ; I — a - | | a
T T N 1 - " Iz biﬁd\’%o
TaQ E} Tb2 Ej Tcd: Lo Tad: :IZCde:J :|: Tcﬂ:ﬂ_'_-xj Jr— ¢
| n “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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Boost-Operation u,, > U,

- -Po Yo
m Phase-Module . )i ([(Boost Regime ] | Buck Regime
o, T i ;
I; i lo.a . U

po

+

Voltage

Td:.:_‘.

BT Wy \ 4
n o i ) | | "rr |

.1
m Motor Phase Voltages . ?“""” A
SO

[=]

Duty Cycle

l}lll
) _ i l'H;;|,;vl‘li‘|lj|ﬂ‘ivﬂi‘;(;.l‘
& CRER 1 .
= 0 & 0 k™ i
S =]
= © o
-[]I"' L) J 1 1 1 J
T/4 n/: Ta/4 0 Tu/4 Tu/2 3T,/4

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

m Phase-Module

Ii il loa
p o oa
+ +

‘th Tul &
U, —_-— - - ay =

! 1J53 Ilﬂé

n e

m Motor Phase Voltages

U,

Voltage

e loltage-Source-Type Operation

Voltage

Current

28/34_|@|

j [ Boost Regime ] [ Buck Reglme
2Um
Ui
0

0

0.

.0 / \/\
il T
: T

nmm

\
,ur

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

e (Clamping of Boost-Bridge-Leg High-Side Switch — Quasi Single-Stage Energy Conversion
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JFLPE

e Rated Power 10 kVA
e DCInput Range /
e AC Output * {
e 1200V SiC MOSFETs ) oo
C l 1V/div
30 Output ontro DC Input .

Board

Main
Inductors

/ Cond. & Radiated EMI Complient to IEC 61800-3
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I-DC Link Inverters
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3-O Current DC-Link Topologies

m 3-O Buck-Boost Inverter => Phase Modules w/ Buck-Stage | Current Link | Boost-Stage
m 3-O Current DC-Link Inv. > Buck-Stage V-I-Converter | Current DC-Link DC/AC-Stage

J3 I3 r‘a h_ Jﬁ 'ﬁ,
- )
B3 3. s et
(S
1o TE} Sk ek
TEyEYEY
T R —
Ricy oy oy

TQlE}T;E}TSIE:* C

Source/

i
Vaisi Gate1 Gate2
(G1) (G2)
Drain p-GaN
(S1)
=

an
30/ 34 __ Nl

(iﬁneon

Panasonic

Vaast,

II"'rGZSE
Drain/
Source
(32)

i-AIGaNLd

i-GaN

Buffer layer

Si substrate

—> Single Inductive Component & Utilization of Monolithic Bidirectional GaN Switches
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3-P-Integrated Buck-Boost CSI

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

~

wf .l

100

-100 H

-200 |

400

200 |

-200 N

0 5 10 15 20

t - time {ms)

e Switching of Only 2 of 3 Phase Legs > Reduction of Sw. Losses by = 86% (!)
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3-® 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
2 a°——£—-—‘ . o
B b - B
° o = .
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 Limited Control Dynamics
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3-® AC/AC Converter Topologies

m Current DC-Link Topology m Direct Matrix Converter
e Application of M-BDSs | 12 Switches e Application of M-BDSs | 9 Switches
e 4-Step Commutation e 4-Step Commutation
e Buck-Boost Functionality e Complex Space Vector Modulation
e Low Filter Volume e Limited to Buck-Operation (!)
Lem ! 5
kxi
=
A a LCM A
C c & ¢ = C
. Tt ) 1
T 1T
Exill
Exd
é &
e (hallenging Overvoltage Protection e (hallenging Overvoltage Protection
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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-link ...) + Semiconductor protection (overcurrent, overvoltage, ...)
d._,, i Sensors * Collecting and preprocessing of sensor data (current,
(Current, Voltage, ....) voltage, temperature, ...)
[ Power Semiconductors + Semiconductor specific condition monitoring functions
L) (IGBT, SiC ...)
Gate Drive Unit (GDU)
ég'::::; (e.g. intelligent digital GDU)
A
Sensors
(Speed,Temp.)

N

Customer
Automation

Internet
Gateway

Internet
Gateway

e (Component Level | Converter Level | System Level | Application Level
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Thank you!
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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.

1 1010
FOM=———
Rds,onQoss
7 10° |
,@q
=1
108

107

Rated Voltage - Vigsmax (V)

e Advantage of Multi-Level over 2-Level Converter Topologies
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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 — — 200 S T0 g y () - 100
- fou=300Hz _ | | | iceeeemeeeee SR Ay |- 5
Ay =129 mm? Achip = 12 mm? & GaN § 150" = = 98
Rae=11m% Ras = 10:mS) = 5 9 7 0 97
& T 2 Z 100
== { """ = S [3 fow = 30kHz 450
- = £ 98 % ofw=10kHz | ¥ | 8T <175°C 350
A O fow = T0kHz | = GaN: Ty < 150°C 150
THS THS TCP .
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
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}

m Power America Project — Based on Infineon’s CoolGaN™ HEMT Technology (Rys,,)= 70mQ) Cinfineon
m Dual-Gate Device / Controllability of Both Current Directions
m Bipolar Voltage Blocking Capability | Normally On or Off

b - -
Z 400F 4 ~ Z 400 4~
E = = Z z
> v - > £
5, 200f 2 3 aT 5 200 122
Vie Vie £ g Vi St 8 g
CDC ™ 3 = L = =
O "= ® : o b= 0E |® temm— = 0 05
g e 3 =
= 200} 2 £ Uy 2 200 {2¢
= -400 15 = -400 4=

P @0 2 4 6 8 @0 2 4 6 8

I S 4o =400 45
& _,,__F—-F-F-F""‘ = & =
5 200 2 2 i g 200 2 2
= 2 Sl i = £
> 0 0 |Q t-—ee=m = 2
’“g) = Vi ”§ g
= -200 2 *E Uy = <
€ g S, S g
= -400 ! ] 5 i =

@0 2 4 6 8 7

Time ¢ (ps) Time ¢ (us)

® Analysis of 4-Quardant Operation of Ry ,,)= 140mQ) Sample @ +400V
ETHzurich pcim
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200kHz SiC Current DC-Link AC/AC Converter

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 :

DC Link AC Input
2.4 kVA/ dm? Output Filter Inductor P
(40 W/in3)

Capacitors

Output CM \ >
Inductor -

Input Filter
Capacitors

DC-Link
Current Sensor

Output
Current Sensors 230 x 80 x 65 mm3

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

= A
\ T, 5 A/diV
- 2
- N, 200 V/div N
p~NEE: Lo\
i 5 Aldiv \ A
K u? h
g 200 vidiv TN
5 ms/div
ficroy] ] T
b i— b | b i
|
SN A S N I W | — Y
upe, 200 Vi/div ‘
ipci 2Aldiv| |
;.ﬁ__ % i w"""‘
\
2HSdW@

B-4 I@l
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! FEINEIG M 3-0 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
3
_ Exd
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____ e s H'_-_- __———La _T_==__ DHO_ ——==—Lo
TTT ;[é :[1 z[i ekt TIT 1T TIT
o ]
kxd
3
— Higher # of Switches Compared to CMC — Thermally Critical @ f,,; = f;,

— Lower Cond. Losses @ Low Output Voltage
— Thermally Critical @ f,,, 2> 0
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Monolithic 3D-Integration

9 Dual-Gate GaN AC-Switches

5.0GHz Isolated (5kVDC) Dividing Coupler

Reforonco 2
Ponz

{To RF-triggered
% 15“““ bidirectional switches )

12mm & ‘ Port3
4 . ‘I ’R fe 3
/ \) eference
< )

Port1 RF-Output
(From DBM ‘__,-
transmitter ) RF-Input ‘ » »
Port [ ™1
i B
-
|
PCB 0.28mm

Source: PANASONIC 155CC 2014

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

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

GaN integrated
bidirectional
switching chip

B-6 — I%l
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2-Stage Full-Sinewave Output Filter S
m 2kW / 400V DC-Link 3-O 650V GaN Inverter (I,=5A), f,,: max = 500Hz M Viemna Austia
m Sinewave Output & IEC/EN 55011 Class-A
m Sw. Frequency f.= 100kHz
:-1;-=-I-"|3": GaN Power Stage
‘ }— ! Ly Rg
oL
fr =7kHz o
) Ly
GaN Power Stage  Active-Damped Filter \
Uem
g_ mﬁ 3-Phase Motor |
e —— ]
< i : t
PP 1 =) Simulation
ol 117 > j’PV T ToE T e |
" fc,2=20kHZ 0 0.1 0.3 1.2 L6 2
Time in ms
—> Soft Saturation Toroidal Iron Powder Cores
- Active & Passive Damping of the Filter Stages
ETHziirich pcim
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2-Stage Full-Sinewave Qutput Filter

m Exp. Verification — 650V E-Mode GaN Systems Transistors (50mQ)
m Sw. Frequency f,= 100kHz, Efficiency =98%
m 200mm x 250mm CHL25A CH225A CH3 254 CHA100V M 1ms

WBG-board

DC-link
capacitors Cpc

Inductor L 6

Fllter capacnors —————

Plugs to
control board

Filter capacitors

7 ic Measurement
second-stage C'5/2

Inductor Lo

q)

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

Control =~ —

Control

AC

DC[

DC

ACF—— — — — = — — 3

3

AC

DC[

DC

AF — — — — — ‘

A — =+ = — -

AC

DC[-

DC Power

AC

DC[

Network

AC

DC

YASKAWA

Inverter
Stage

e fFacilitates DC-Bus Energy Buffer
e Direct Energy Exchange @ DC-Bus / Higher Efficiency / Unidir. Front-End
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ITIoT in Power Electronics

m Digital Twin > Physics-Based Digital Mirror Image
m Digital Thread -> “Weaving” Real/Physical & Virtual World Together

FEA Model
CAD Model N

FMEA Digital Twin Physical Asset

Real Time
Operational Data

Maintenance -~
History

Operational 4 Physics Based Models
History : + Statistical Models

Fleet Aggregate + Machine Learning

Data

® Requires Proper Interfaces for Models & Automated Design
e Model of System’s Past/Current/Future State - Design Corrections / Prev. Maintenance etc.
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