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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
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Market Pull / Technology Push ———
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Required Performance Improvements

Environmental Impact... [kgg /kW]
[kgc, /kW]
[kgy /kW]
[cm?; /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]

 (Connected Cognitive Power Electronic Systems —> Power Electronics 4.0
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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% !

Performance

» Super-Junct. Techn. / WBG
» Digital Power

I@I __2/84

7

4.0
J

Modeling & Simulation 5 3
Performance Replacement » Power MOSFETs & IGBTs /

Y. Z (Disruptive) » Circuit Topologies
5 Z ¢ oneesy Microelectronics

£ Z 3 > Modglationl Eoncepts 2.0
| i 55ng /DDiO, des ontrol Concepts

olid-State Devices /
™ Existing / 1.0 —_—
Technology
» Effort/Time m * 2025
1958 2015
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3-® Variable Speed Drive
Inverter Systems

State-of-the-Art
Future Requirements

YA L
)
Er4
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Variable Speed Drive (VSD) Systems

m Industry Automation / Robotics

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

m etc., etc. ... Everywhere !

® 60...70 % of All Electric Energy Used in Industry Consumed by VSDs
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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 (!)

A Power AMERICA
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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

L
/]

Motor Peak Voltage (p.u.)

0.8
0.6
04 | o> 7
5 (e I’ I “ac
02 9 A-'—“—.r. 7 AN e
(3 ' \ i\ 10V,
0.2 : 4
204 X Y06 max
_06 | ! 1 ]
101 10° 10! 102 103 0 500 1000 1500 2000 2500 3000 3500 4000

Cable Length (m) time in ns

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

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

Rotor +

: B — 1 Inner race—}-o
L H . H [
Inverter j E j j | o) Bearing > o Edges of pit
Cur J Oil film cool quickly
I,'n-g ] and harden
______ I A
N = Cg Outer race—}-» J
Cu!s

— Z; T
" I | Stator

-> (ond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt- OR Full-Sinewave Filters

ETH:zurich A4A PowtrRAMERICA



=1C I Power Electronic Systems
|@ —_7/84

I" = Laboratory

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 r IR R
o IWE@TF)_ﬁ::::@:::@::Q::*” OSSR SR
S 0l o TN e 3
= AR B - S
I ]
% ____________ o .
5 T > 98%
B 9TPe 4> 10kW/ke
e
o6 L]
0 5} 10 15 20 25

Gravimetric Power Density - v (kW /kg)

e Main “Enablers” -> SiC/GaN Power Semiconductors & Adv. Inverter Topologies
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Wide Bandgap
X-Technology # 1 gé g' 35 > Power Semiconductors
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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?

e Space Saving of >30% on Module Level (!)
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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
4
at300K | Si  GaAs 4H/BH-SIC  GaN Eaisic |
Eg (ev) 1.12 1.4 3.0-3.2 3.4
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 £ si
Crit, Si o= e ol e |
A (W/ecmK) 1.5 0.5 3-5 13 ] N\ TTTTmmmem——— -y
4V2 For 1kV: Si SiC L Wsi ;
R(;n = - 3 W (um) 100 10 Schottky contact Ohmic contact
g,Ec < No (omo) 101 101 : :
= : P
R w 1 R e
on, SiC ~ 300 on, Si 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
| — Si IGBT/Diode] \|— SiC MOSFET |
g ST | PN
A T 5
S 0990 £ 99.0
M 985 = 985
98.0 98.0
0 25 50 75 100 125 0 25 50 75 100 125
Phase RMS Current (A) Phase RMS Current (A)
G
|
1200V 100A 1200V 100A
Die Size: 98.8 mm? + 39.4mm? Die Size: 25.6 mm?

e Efficiency Characteristic Considering Only Conduction Losses
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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

] e N EN
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a0t |40

200f /20
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op— 1 ———0
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bo
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e
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— i 0
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0

(3

¢ (ns)

1200V 100A
Die Size: 25.6mm?

800

|@| _11/84

e [Extremely High di/dt & dv/dt > Challenges in Packaging / EMI / Motor Insulation / Bearing Currents
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T

—— Challenges ——

R D

Y,

EDGE 1 EDGE 2
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Circuit Parasitics

m Extremely High di/dt

m Commutation Loop Inductance L an Ui
m Allowed L, Directly Related to Switching Time t, > L < i =at,—
L I L
L, z
a=0.1
L | : !
T : ~1,=100ns |
100nH }
an
Ui 10nH f—————

I _d I ]
| N , Parqllel
| Connection
jp———» | 9 1 nH >

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents

0.10 1Q 100 00Q = Z=-

b
M. 12/84
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Si1 vs. SiC EMI Emissions

m Higher dv/dt —> Factor 10
m Higher Switching Frequencies > Factor 10

m EMI Envelope Shifted to Higher Frequencies

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

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

©
ﬂtrlk Vie ﬁm« (1) @ %me
Sow

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

200

—_
oo
]

—_
(=)
[

V - Amplitude (dByV)
—
N
]

[ee]
<

100 ot

60

10 106 107
f - Frequency (Hz)
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Inverter Output Filters

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

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

m Passive = Damped LC-Filter f. > f
m Hybrid - Undamped LC-Filter & Multi-Step Sw. Transition
m Active - Gate-Drive Based Shaping of Sw. Transients

P inc dv/dz-Filter: 3...6V/ns
N
EE e 3=s s AV 3
a - Z v/ M 5
VDCEECDC b - I ” g
c — = oS\ "\ <
Fak3 x0TI :
! o R ol R s R, , E
________ ! =
n i Y —_ >
C Cong ==
L ML Frequency f (Hz)

e (Connection to DC-Minus & CM Inductor —> Limit CM Curr. Spikes / EMI / Bearing Currents
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Comparison of dv/dt-Filtering Techniques (1)

m Passive Concept

1. LCR-Filter
2. Clamped LC-Filter

m Hybrid Concept (3f)

1. LC-Filter
2. Multi-Step Switching

=
1.
2

o +

N
Active Concept :‘ -
Miller Capacitor d

. Gate Curr. Control

IEI—D%E- 2l
@_C._TJ

T?T
L,,J
<_Cu<

m Output Voltage Waveforms — V.= 800V, P, = 10kW, 6kV/us

1200V SiC / 16mQ)

L
L

ﬁ\

A\

fl

Time ¢
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Comparison of dv/dt-Filtering Techniques (2)

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

ETH:zUurich

Comparative Evaluation of
Passive & Active Concept

+
F
JoF LT
i L ® 0 a*
VDC . - 0
N 1l |
E3hoer 4w
0 R q:I }
o o
L
CM—L_: vlT
— ; ;
CMJ—_'— vld
> -~ & )
P o

dv/dr (V/ns)

[—
[
(=]

B Active Concept

& LC-Filter with DRC

12

9

Part-Load Efficiency gy giew (%0)

99+ 6
3
98 1 1 I 1
0 20 40 60 80 100
Volumetric Power Density p (kW/L)
;\50 ?ﬁAﬂ]ﬂX
100 — = |
S LC-Filter with DRC .
S ||_ Active Conc 99.6% SiC MOSFET
> ept '
L:; —————— B (ii)- -
.5 99 . 4
2 (1) s
=
= _620 Poad
3
o
z IGBT Eff. Limit: 98.3%
— 98 ) ;
0 10 20 25 30
Peak Phase Current ?ﬂ (A)
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Inverter Systems w/
——  Sinusoidal Output Voltages
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ZVS/TCM Operation

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

p 400
R i
. ar— - — HH = 200F
Udc E ILa b — L - HD gf 0
TR 3 G N
| TieE % %
i 00 T Tm.l_/Q ST T,
4075, — . Tyt f“,’h_, bina — Time (t)
= L EL i, T ‘II_| t
< IR e
g O m”“*“”””"l ][””pl\::; U, [_731'11)\{
S | VA
-40 ihofhlm \ N_Fon
0 Tnl/4 TmI/Q 3T1;/4 T, IL/VTVt Sinus
t
® Only 33% Increase of Transistor Conduction Losses Compared to CCM (!)

Very Wide Switching Frequency Variation
ETH:zurich A4A PowtrRAMERICA
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TCM - B-TCM

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

40— T T T = 1 -
Ilmll(l‘ i
a

T hand >
<) 2ot i Wﬂm»//l i | @ﬁﬁr i ﬁm‘/ﬁ/ i
5-20- I W = (“ }}M
( M.} i/'/ ’
40 : ' ' *
E 1 1 1 _\l—/_lv
00 T../4 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

ETH:zUurich
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B-TCM - S-TCM

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

40 . ' ' 20

% i MM @ W jg G'l u%‘@‘v’ﬂ"{””‘vmm A'w'l' W‘W‘Wm h'
o

Current (A)

Current (A)

—— Sl
Ne—— {
o
e

' Voltage (V)

“ 150
100
a2
(I 1; T z 50t - 1 . -
@7 40 | | DN e o e A |
_@ 0 Time T 0 Time T 0 Time (ms) 20

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)

f Remark |

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

100

80
60 F
40 +
20+

650V SiC, Up= 400V

—e—(0

[ —4—3.3 Q

=5

P B

Losses
¥

10

]k‘m J"k.il 30
Switched Current I

50

_ Uph + Ugp

Ry

_ = L =
max Cds + ng C

1+

Cu

Coq

Residual ZVS Losses

)

chip

b
Tl 20/84

togdTiCds

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

ETH:zUurich
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CCM & 2-Stage Full-Sinewave OQutput Filter (1) oo [Bgg

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
= [ ————
< : | B |
' % Simulation ||
“ Analytical
G - - Discret 4
n - L :
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)
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GaN transistors

WEGrbgard Capacitor C'cx

DC-link

capacitors C'p¢:
Filter capacitors
second-stage C'y /2

—

Plugs to
control board

Filter capacitors
second-stage C'o /2 Inductor Ly

™

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

(Hl“’)\ CH225A CH325A CH4 100V Mlms

ic Measurement

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

I@I __22/84
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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

o i
! il P‘SL" J_ Lq Ry
JLLE ==
BN Nk
f— — vy . 0]
Cn S -
sIUL Y] o = L
o J 5 TZ‘% ‘__/__'_J 2
n - Measured filter currents -
O—e i
g l. N L oo /
o M e} ¢
Cpc AN Tz Lo
Q J_ . VYN ® & o)
8 [ (&f l
WS e T %
f? N o Cy
: T;g
o—e + o
n =

Mag. in dBpV =

120 A R !
S - | —— Symmetric Filter
100 - EN55011 Class A| —— Modified Filter |1
80 - '/ =i '_; ] :':‘_' YRR ‘:':‘::_‘:‘_‘_‘;:_‘_‘:‘
ot 4 b
40 -
il

e Auto

Output voltage
modified filter

* Output voltage
symmetric filter

@il 500mV Ch2 100A © H200ps A Chl s 120mV

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

ETH:zUurich
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l Multi-Level / -Cell
X-Technology #2 gﬁ; ﬁi »  Converters & Modularity
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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

> ¢ I — U olt)
< 200 ||M|HH A
N= # of Levels -1 g 2:)’0 | l‘i |||Iw
U # of Levels=2 =2 NI
d
- — 400
Z 200
© 0
— = -200
#=3 2 -400
— 400 &
; 200
j— == f-:f (]
CdC Cfc # _ *,_.5 -200
- = _400
— 400 =
; 200 P
o 0
= 200
0 #=7 2

-400
0

5 10 15 20
t (ms)

e D-FOM =D-FOM(U,/N) —> Resultsin ML-Performance (X-FOM) Dependent on N
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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
Udg_ e f SW
T
a2 = —m——————
800V 4 i, sy
= a’l U
T 2 U e W e W
P JO O 0 e 0 0 0O @ O
a0 OO i
J]—Zsff 1r;i\v S 21—;‘1?'
-Ug ° === = = —= = —
\ Soft Hard Soft Hard Soft Hard Soft Hard °©
Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr.
(ZVS) (ZVS) (ZVS) (ZVS)
® Risk of Transistor Overvoltage for Steep U,. Changes
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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
S L Jok 8L
T o / 400V
+ Lo A 1 A 20 A
T = AImax,N = _2 AImax,N=1
‘ + + J::jiﬂ u N 0
o i i J
Jogg 1

= I -20A |

(<20 =

» 0 llU 15 t[ms]
ul L+ b 400V —
JE .
\ I AUCﬂ _ lz(iy 1 2OV ! !
o ;@ U 32 f,” N° 0 T B WA R S
0 2 4 6 8 10 12 14 16 flkHz]

Fow
e Scalability / Manufacturability / Standardization / Impedance Matching / Redundancy

ETH:zurich A4A PowtrRAMERICA



S1C I Power Electronic Systems
I'— Laboratory

ETH:zUurich

X-FOM of ML-Bridge-Legs

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

D-FOM X-FOM
b Optimized 1 \,f'
Gap Die Area ’.,\.\)
e T - .
2 SI'C, Mo
] .
Y % .
o 4t
LT
.-
Uge Vse Uy 1 2 3 4 5 6 N ——
N | N2

N= # of Levels -1

10° T 10 .
u S
eC | D-FOM®U,)= ! X~FOM(U,.N) = N - D~ FOM(}U,)
_ lacax JR,U,)C,y o U,) _
E 10% i Z 10?
= Q2L (N=6) = ML (N=6)
= Benefit «1.5 = Benefit <0
S S i e DY Y S ML Advantage
Em‘ E v 0 E
®
! 10° -
10 10° 108 10 10° 10° 10t
U, (V U (v
p (V) 5 (V) . »
-~ ~
e Compared to 2-Level Benchmark -> Peerniminme = 1 4[;[1-2 Poomiminzs — — )~
@ Same Filter Ind. Volt-Seconds Ao = N2Acip 21 \g

b
M.l 27/84
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7-Level Flying Cap. 200V GaN Inverter (1)

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

de
N I pc ACres _LOrca _1CFcs _1Crco ACFen (B g 1 e
w

-U,

de

DC-Side Control Lecrey

e Signals o
: . 260 W/in3

Connectors

AC-Side

Connectors

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

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

Udt
NO_ICDC 1C%rcs 1Crca {Cres Cres Crca |2 _—
wviE o ] e Lo .
U°——|_—EJ——EJ——EJ——EJ——EJ——HJ— UaN T
“Yde o
0
99.5

71, 800 Uy,

99.0 o——=0
0‘/./,,.__.——-.—‘—.\.

98.5 3L, 800 U,

98.0 bl

97.5 /

97.0

0 20 40 60 80 100 120
Prated(%)

Efficiency (%)

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

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

r

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

Unc
5, 7 Level
DC+
i I e s e i ﬁl

3
1
1

Cfcl

_'ET]_
99.35%
2.6kW/ 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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Quasi-2L/3L
——  Flying Capacitor Inverter
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Quasi-2L & Quasi-3L Inverters (1)

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

Controlled as
single switch

-

Controlled as
|., single switch

|..,

Controlled as
single switch

A 1D D
Mpw

_________________ High capacitance

| ' i flying capacitor
AR
! |
‘l | ()lvdc

Controlled as ,//
Only for transient

voltage balancing

Q. 7

Only for transient
voltage balancing

single switch

T T
S

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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Quasi-2L & Quasi-3L Inverters (2)

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

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

Equiv. f= 48kHz

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

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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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

a
T 33/84
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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
=N o 400V
.fS,eﬁ'_ N .fS .
! bsurn Vi = 2. U EvY o
: “"‘I Y N [
i \ 400V
=r3 &7 |
400V
. el T ¢
5 . . i NL
MOE SNCY I 08 WV e N
lswett = IV Jsw
o TNI: o Tzh T1b N=4 ov u,uf Late aul
AN 0N, 2 4 i 8 10 12 f(MHz
1 Branch fout ' £ (MH)

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

m Combination of Series & Parallel Interleaving

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

Semiconductor Efficiency (%)

—/_:) 10
O
= A 9}
g i M 8t 13
|
- J# L = 7
) 2 |
— - 26t 1 :
Udc;l:_:'- Cfc ‘(’J 3 - 4 % 5 | l gjé
cos Tm— al o) |
3 G| w 47 96f2°/ 1 '
ra —— Uy, 3 _* i -
L — 2 |— —|
Ic} "Jq} v 0 1

ETHzurich

# Levels N+1

e Operation @ f,,,~100kHz / fs ..~ 4.8MHz, 10kW, U, =800V

2 3 4 5 6 7 8 9

|@| ___35/84

Y = 820 W/in’®

Control

\ Auxiliary + Measurements
Cooling Baseplate
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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

& | xl

600V GaN HEMT
fiw = 800kHz

iy

p——— - >

f;w,er'r' =4.8MHz

S\ "S'Lll'ﬂ

-

& | &

FF EF B3,

5
3

Cﬁ It

T1oad

PWM
Signals

\B

Current
Measurement

R

{

Control and Modulation

ETH:zUurich

*
—o0 V¢

0 +

vuul

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
VLF\[\
] g N
+
sM Integrator G,w, High-Pass 3 Vimens
[ e
HF

dv/dt = 27kV/us)

dvidi,_

I@I __36/84

! 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

Ve, 11
o

Fault-Tolerant VSD

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

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

99.5

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

:fsw. (kHZ) . o N=1 Véc,i = Ve

ETH:zUurich

Efficiency (%)
8

98.5 L

.

wedy |

e
‘‘‘‘‘‘

'n‘z'o‘".‘.‘.O' .
L T R ML N

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 200V GaN-Inverter

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

m 3-O Power Cells 5+1

m Outer Diameter 220mm

— Axial Stator Mount

— 200V GaN e-FETs

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

e Main Challenge — Thermal Coupling/Decoupling of Motor & Inverter
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Double-Bridge (DB) Inverter

m Comparison to Conv.

2-Level Inverter + Front-End U, = 40V...120V
DC/DC Boost-Stage g P =1.0kW
: £ =300kHz (200V EPC GaN)
f, =5kHz
P

HF Power Board 7'}

Heatsink

Inductor

NI

Fan

Housing

DC/DC
Stage  DC/DC
Inductor

e Advantages — Lower Sw. Losses & Lower # of Filter Inductors 98 Wfin®
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Turbo-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

. Power ntrol electronics — ntrol  Battery start
Cooling water r Control electro ics Co tq 1 ')]/
channels electronics b power electronics electronics ~ switch (not
rower connection ~ Battery start visible)
semiconductors diode
Compressor
outlet T e 3 Power electronics -
Motor — ] electronical ipnnector
stator connection

Electrical
connector

] Compressor
! i
ig*=0 A L 11 dg flu.* inlet outout
,,,,,,,,, e | e U™ utput  Motor - power
w* ! ! ! ! ~=| Modulator filter electronics
C .
i J: ! i J: Ug* 1 abc Impeller Rotor Cooling water inlet connection
I i | | :
: speed ! ! current | Journal gas bearing Cooling water outlet
: | controller |

,,,,,,,,,,

e Integration -> 2x System Power Density | 97% —> 98.5% Inverter Efficiency
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3-O 650V GaN Motor-Integrated Inverter

m Sigma-7F Servo Drive — Motor Integration of DC/AC Stage (T0-220 GaN)
m Distributed DC-Link System — Single AC/DC Converter / Smaller Cabinet
m 0.1-0.4kW / 270...324V Nominal DC-Link Voltage

DC Power
\ Network 3

/

3

AC

DC[

YASKAWA

Control =~ —

AC

DC[

I"_'_T‘_‘L-'_f‘_'j

AC

DC[-

AC

DC[

AC

Inverter
Stage

Control =

e Small Size (0.4 kW @ 70 x 70x 170mm)

e Massive Saving in Cabling Effort / Simplified Installation

ETH:zUurich

DC

a
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———  Overload | Thermal Limit ————
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1T Overload Capability

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

1xSi 2xGaN . 0
. 100 T T T | /-\1 00 T —— . 70 EfﬁClCnCy (A)) 100
200V Si 200V GaN % 0 9
0 =4 —~ < 80
Q\o/ 99 GaN é - 98
Achip = 29 mm? Achip — 12 mm?2 é‘ Si § 60 97
= R7) 250
5% g Tj < 120°C
Si. PCB.  GaN._  PCB. O fsw=10kHz = 20 I 150
e O fw=T0KHz 4 fow = 30KHz “
Fow  Motor Flow Ty 4 e 8 102 %00 500 300
Tvrr/Ras (Nm/mg) Mechanical Speed (rpm) # Discrete Devices # Discrete Devices

® 200V GaN vs. Si (Multi-Level Inverter) Comparison
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l Functional Integration &
X-Technology #3 gﬁ ;‘ ﬁi Y Synergetic Association
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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

A
100 :UFCg:na.x
By
Fuel Poo»m
Cell i 3
— ' Upc =
= Low | - ;‘
2 Voltag B
R S =T T T T TRl Uk nin Fuel-Cell  Inverter Motor
(;3 Operation A ) ) o ) DC a_
Range Current Stress 2 T+
H, ' b
A2/
L HQO i_ C ~
0 , , | , , , , | , | J AC
0 Power (%) 100 L

e No Add. Converter for Voltage Adaption > Single-Stage Energy Conversion
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Buck-Boost
Y-Inverte
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a
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Derivation of Buck-Boost Y-Inverter

m Generation of AC-Voltages Using Unipolar Bridge-Legs

I i I i i

[+ - . .I - A ,
P ,u+c =D+H
NG
T — ~ - P R Lam
Jo% ~{)- =y Sy
- L0 Ly =4 - i1, -
U, = a _— —0 g vy > U, = — - @y == Uy,
Ci TJ'_ Lu |+ ('1 | Ln '_ (’u
a2 (s = ‘ Te'ﬂ"’ Te'j*
G ox S oy
n o 7 ©
L i
o -
+1 P

TaﬂE3 Tbﬂ'.ﬁ} TcﬂEﬁ Ly TaﬂEE s 5 x TcﬂE;? %
‘_11 L a

_ Ay _
by | — B, I I a o
(&} I I 162 b
Tofe & T & Tcﬂ:“% Lo Tl & :I:CTbgm Lok = °

o

1S}

N
I
||

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
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S1C I Power Electronic Systems
I'— Laboratory %
Il 45/84

Sinusoidal Modulation

m Y-Inverter

| [ Boost Regime ] [ Buck Rq,nn(

2U’l]]
Ii ii < ) c U-

° N b \ o
p+" 1N\ \ a [ ] 0 5:;0 N ]
+ im.a :O Um

i . n Uy g —> >

T, e Taﬂ__
p ,_3 ,_3 S

i =
_ ZLo,a _ 1.0

i ] Gy T w,, o /\—/
oy PN e
" ‘?/Tpoint &L 0.0

S ] H||H||lllﬂl|ﬂﬂllllllllllﬂﬂﬂﬂlﬂlﬂﬂﬂﬂllﬂlﬂl|ﬂlm

o T
.\x;tkllﬁl'z'il‘#%itm?

Qll
£
[|
OQ”

Duty Cycle

m Motor Phase Voltages

Voltage
Current
~
o

37,,/4 -T,,/4 0 T,./4 T,./2 37, /4

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

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

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

m Phase-Module

Ii il loa

! J“j T &

i,

! 1J53 l,ﬁlj “

n e

m Motor Phase Voltages

U,

Voltage

o8 —_— - ay —— u,<U

e loltage-Source-Type Operation

Voltage

Current

I@I __47/84

j [ Boost Regime ] [ Buck Reglme
2Um
Ua
0
1.0
/\l/
0.5 F d,
dal
0.0 ' l ] -
1
M T
1
o B [T
B
0 ma Tl A
Iy,
-T,./4 ll] 'l’ml/‘l 'I'ml/Q .'5‘1’:”/4

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

A4A PowtrRAMERICA



S1C I Power Electronic Systems

I'— Laboratory

ETH:zUurich

a
W 48/84

Discontinuous Modulation W

-0 %o
| Y'Inverter o Boost Regime ] [ Buck Regime
LA \ ‘ - _ Jﬁt;m 13%
RIEY SNy * !
Ui =%’i a ZLO,RT (_12 ::C’ U, ) 1.0 \-_//\*'/
R |
“Y—Iﬁc 2 , i /
0.0 F— Clamping —|
Motor Phase Voltages "“”” | ||| i
]. |
T o IO
U Lo
) ﬂ\ . P
- / M
U . ] 1 L 1 i
" /- 3T, /4 /4 0 T/4 Tu/2 3T,/4

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

e Motor Speed Control

O () (i) (i) g

[ . ir o
Motor Output Voltage : Inductor Current i “Democratic”’ Buck-Boost [+ )
dq control Control : Control : Modulator I i
Buck fL
Aw
W Mot
+14 - otor
Control dy
w dg-Axis PWM b | e |

Position ;

Sensor

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

a
W 49/84
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Y-Inverter VSD

m Demonstrator Specifications

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

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

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

e Qutput Frequency 0...500Hz
e Sw. Frequency 100kHz
e 3x SiC (75mQ)/1200V per Switch
e IMS Carrying Buck/Boost-Stage Transistors & Comm. Caps & 2" Filter Ind.
Output Filter 30 OUtP?t ng;:gl DCInput

Inductors

. Main
Inductors

m Dimensions = 160 x 110 x 42 mm3 (245W/in3)
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Y-Inverter - Measurement Results

m Stationary Operation

Up= 400V _
U,= 400V, (Motor Line-to-Line Voltage) 4

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
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Efficiency Measurements

e Dependency on Input Voltage & Output Power Level

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

el ER S Um:400V -

wp Un=600V—" npyng N
Lilter Lilter Semiconductors DSP / Fans / PCB F

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

Buck(Cond PR
Boost(Cond) Capacitors

L

065 -

System Efficiency 7 (%

w
HE
i

/
Buck-Boost
Inductors

-
o

System Power (kW)

> Multi-Level Bridge-Leg Structure for Increase of Power Density @ Same Efficiency

ETH:zirich A4A PowtrRAMERICA



S1C I Power Electronic Systems
I'— Laboratory

ETH:zUurich

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

lSO}(Hz l|0 IIO 301\/|le 110 lGIHz
( Conducted EMI Limits )i ( Radiated EMI Limits )
! I : 1 E
( Grid Interface ) ( Power Interface ) : ( Overall System ) '
(dBpVv) (dBpv) l (dBuV/m)
( 57
xn‘—|7) C2 73 80 b Cl* 74 I 60 0 () [
66 E 56 i 60 ! . m 47
— 40
s} 1 €1 3 40 : Cl
150k 300K SV 30M 150k 300K M 30M i 30M T30M G
(Hz) | f(Hz) I 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)

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

I@I __54/84
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Conducted EMI-Filter

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

i 1.,,=20pH
: = S
Lam  Lowm || Sk i DY
DC+ .. 10uH 2.3mH Lpe=5pH Il L-20pH —— - ob
o NN N6 - “HHF - — oa
: Do - :
\ ] i JH ;
i Coc . H = Ct‘: _ = =
—— | +EE 12“;: 1pF lli_ CH:
Cu: i | CL\cu T T Za
| LsuF L |=sapF
P o 3x1.2ky
DC- L 75mQ SiC
o——llEl° - = R
Conducted | Conducted
EMI Filter EMI Filter
DC Side AC Side
Cs, (on the back)
_——0 — _-———O-
WA WS WEES (B
74435581000 74435581000 74435581000 —
D8301 D8525 D8525
e : : b
WESS  WES: WESS (IS
TA435581000 74435581000 74435581000 ||
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? (740cm®) > 12kW/dm? (890cm?)

ETH:zUurich
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Conducted EMI - Experimental Results

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

s O 97 o — SN R,
—i—-
=
C:== _ =
— 2.5uH
150kHz 500kHz 30MHz
120 1 : : ]
ol E i
ol MU\ H' ‘
il !
A, Y w
0L
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
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Measurement of Radiated EMI-Noise (1)

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

=1.5m)
e Measurement of Radiated Noise with

cable

N o ) RP
[T ISl
| ofem] < T
o | | eor| 1BOM}| /1 o ! Antenna
- | 2 [ L = Measuring distance
I ,{' ..IP-n'Pﬂmllllu H L:(30£0,1)m :
T I
E o |
| L
B |
[
. P (12£0,1)m I
T i
|
Lo Mains '
Motor i : %, ,:agﬂe i
! : ; goancl Temaphif]) OATS, SAC: groundplane
. *
< IEC 61800-3
m Either or Special Needed

m Alternative Pre-Compliance Measurement Method
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Measurement of Radiated EMI-Noise (2)

are Dominant Source of Radiation
o Relation Between Radiated

o
Tl 58/84

MULTI-CONDUCTOR
INTERFACE to * f + Leabie * Iem E< )
r 4= cable
Ficm [ ANALVZER. E = ¢
= Ho 7 lom A
- J 7 Z > lcable
iy
CLAMPON o
CURRENT
PROBE
E (dBpV/m) Icm (dBpA)
60r 57 31 58
o €2 o T
up to 250MHz [0 11.“_1_
e Cl
. : Pk G
& T
\ C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A)
m Max. Allow. EL. Field Strength of
m Current Probe Impedance of 6.3C2 (F-33-1)
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Radiated EMI-Filter Design

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

‘ 1,=20pH | [
Lan Lo | ||Cc 1uF : w =
DC+ Lw_ oo 10pH 23mH 4 Ly Spll I L —20uH —— - — im-—ob
HT_W - HC=ULF - g L a oa
: B ” 3
! . Cre H = ; 11 _1 1 1 1
i = 1 I TpF lul .1 T T T T ¢
. [ Cype i i _En i Ceko T 1 T 2.5uF P e
¢ 100F| ' | |LSpF i 54uF ; [
i Do s R R : b
DC- ! D i Jq} 75mg2 $iC ,,J ; L =
- T .o L R = N
Radiated Conducted Conducted Radiated
EMI Filter EMI Filter EMI Filter EMI Filter
DC Side DC Side Y-Inverter AC Side AC Side

Cs, (on the back)

Cy2,pc (on the back)

—> Additional EMI Filter Volume Already Considered with Conducted EMI Filter
—> Total Power Density Slightly Reduces — -

ETH:zUurich
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Experimental Results - Radiated EMI

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

)
| Lan= Lo || Tur f
DC+ Lue . o JOuH 2 3mH Lpc=5uH Il L—20ull :
R ) \ [[C=tuF ~20p |
o—— i - il - |
P 1 H = Il ]
[ i ! o :
: : E : ; CD(‘= }_‘ = - 5 = == == i
L b= Dol =85u Wi wE| C, | Cone |
Y L e [ Chico 1 - =T 25K 10nF
P 11 |15uF | =54pF !
o _ " }]xl,ZkV —
L \ 75mQ Sic . |
.o S
v N T T L e e 1 e L R
'
L

AC
g 3
e .
S 50}
=
m
=
0 i L i Lo
30M 250M 1G

—> Already Noticeable Noise Floor
—> HF-Emissions Well Below Equivalent EMI-Limit -> Next Step:
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Current Source Inverter (CSI) Topologies

m Phase Modular Concept > Y-Inverter (Buck-Stage / Current Link / Boost-Stage)
m 3-O Integrated Concept > Buck-Stage & Current DC-Link Inverter

i 1”315353_33 R3] B3

oq
o)
Foc

N Jq} JJ§'J53+ J53+JE|3=|=

NP
~(O)> - [T
| T TJE'EE iy
7 TEyEy Ry
LE e I
Ruoe Sy SRV
) TQIE;T];E}TSIE; C

= Low Number of Ind. Components & Utilization of Bidir. GaN Semicond. Technology
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3-O Integrated Buck-Boost CSI

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

3
E lﬁ 9'59 3 lS

L:bﬁ\“ﬂ(\B CS 651 B

o—-

Py y Ry

] s
+ i Tfﬂiﬂfdmfdm}
Ry
%E T? Ej { ’ :b
T«d&jﬂﬂus} |

Vaist Gatet
Source/ (G1) (32} Drain/
Drain p- GaN Source
(S1) (82)
i-AIGaN

o
Tl 62/84

Pana_sonic

Veogy |

Gatez Vo2

i-GaN

Buffer layer

Si substrate

e Monolithic Bidir. GaN Switches - Factor 4 Reduction of Chip Area Comp. to Discrete Realization

ETH:zUurich
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600V GaN Monolithic Bidir. Switch (M-BDS)
%

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

I@I ___63/40

ps(ony= 70m2) Cinfineon

ETH:zUurich

Z 400f 4= Z
T 5, 200} 2 % T 3
de Sl ?:L £ D I/dn Sl "L 4_-‘-!
+ o = + o
¥ ] E 5 -
© = O ;
3 Lé L _ é ' §
L[ - 2 T z
Sy = g S £
= -400k 4= 12
@ 0 2 4 6 8 #
E.’ 4(]()-—‘_:}—’—;4—4_4 = E’
ol g 200 2 L 5
Sl E g Sl ".'L £
@ S o P : |Q e
Ve = g Ve =
' 2 200 2 g %:[: Vew =
2 2 = 2 2
= -400 . el {4 = 2
@ 0 2 4 6 8 2
Time ¢ (ps)

e Analysis of 4-Quardant Operation of Ry ,,)= 140mQ Sample @ + 400V

400

200

-200

-400

400

200

-200

-400

1=

o
Inductor current i (A)

ja—
Inductor current i; (A)

2 4 6 3
Time ¢ (us)
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3-O®-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 ~(3~

100

-100 {

-200 |

400

000 N 0N

-200 -

a0 00—
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-O 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 One CSI-Phase

00 & S

V)

-100 ¢

-200 ¢

W0wW—r————————————

g T e
0 3 10 15 20
t - time (ms)

e Operation for 30°Phase Shift of AC-Side Voltage & Current
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__{%$7 :ﬁ iii:a'ji;f:ﬁv |
[ - k3 H “H . L
ot 1 T TAEA BT

a
Tl 66/84

Future Research

m Advanced DC/AC Topologies incl. CM-Filtering
m Extension of 2/3-PWM to Bipolar DC-Link Voltage 3-® AC/AC Converter
m Multi-Objective Design & Comparative Evaluation

Normally-Off Normally-On
™ v

e Partial Use of “Normally-On” Switches for Freewheeling in Case of Auxiliary Power Loss

A4A PowtrRAMERICA
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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
!
4
— — 53
ztf :tf . i ik | :
— i L z y '
Y S W B b oB s B
O —— ¢ $——C
o] o o H H o T
=R 22
C
;

— Higher # of Switches Compared to CMC — Thermally Critical @ f,,; = f;,
— Lower Cond. Losses @ Low Output Voltage
— Thermally Critical @ f,,, > 0
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3-® PFC Rectifier System

Synergetic Control
——— Matrix-Type Isolated Topology ——

ETH:zurich A4A PowtrRAMERICA
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Selected EV Charger Topology

Isolated Controlled Output Voltage

Buck-Boost Functionality & Sinusoidal Input Current
Applicability of 600V GaN M-BDSs

High Power Density / Low Costs

3¢ | AC/DC f | DC/DC . o\%
Grid Vienna Rectifier 5 Stage i Battery
’ _ My
D x X = Lo p
ax > DC —- O
T T ary
2 i, Loy 3 :,,j,',:‘,saya = Uy
. TR DC N
b b LT iy |y [ i
: S —
‘ ‘E‘Q N 1 I > Myz —
=) . J T |_
e FH‘H']._ u,, | PC
) 185 —— V%
m ¥ .
< Dzsf f T !z DC 1l
< .

L

/

—> Conventional / Independent OR “Synergetic Control” of Input & Output Stage
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~ Conventional vs. “Synergetic” Control
\
"\  w 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM
i m Conduction Losses = -80% - o ‘.\ Sectr
m Switching Losses =-70% Z oy —= o | i o’“ ]

Duty Cyele d
o

50

= i
%
S
£ / ¢
> L L 1 1
Ix x T T T T
Da.x > g 1T 'ED-
A X A -1 =
u ) I3 P I;l
aty La a == U.r, ]ny E {1} | | | W%_I_ &iR"‘W ,,‘-»*‘
N b KAt . : ,
c ¢ ‘ = i i
= Uy, [] P, E 4 Dava M W
A X % : J g B :
DzF\ 'z 50 L L L I L L . L L L
7 0 G0 120 180 240 300 360 0 60 120 180 240 300 360

wt (%) wt (%)

-> Operating Point Dependent Selection of 1/3‘-PWM OR 3/3-PWM for Min. Overall Losses
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AC/DC Stage Transition to Full-Boost Operation

Full-Boost

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

m Different Operating Regimes ->  Synergetic Partial-Boost

=

o 2%
2 i
3
= 1
. - T
=
Iy X = -
>
B -
(=]
a 1
== Uy :|P - :
) pe
by |y g 7
> E}
a 1
4 u P = ! -
= Uy, Y e
. z
1, =3 -
Y z 1

=> Intermediate 2/3-0peration for Limiting DC-Link Center Point Current (Low DC-Cap.)
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— Isolated Matrix-Type Rectifier —

ETH:zurich A4A PowtrRAMERICA



S1C I Power Electronic Systems
I'— Laboratory

Isolated 3-® Matrix-Type PFC Rectifier (1)

m Based on Dual Active Bridge (DAB) Concept
m Opt. Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS
m Allows Buck-Boost Operation

» Equivalent Circuit

ETH:zUurich

) . . c_i
b o— - b
co—-_____LE

G L1 T

b
M.l 71/84

b

Uac
;“f.lr
Uah

deT

—Uah L

—ul,

de

—Uac+

» Transformer Voltages / Currents
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Isolated 3-® Matrix-Type PFC Rectifier (2)

m Efficiencyn = 98.9% @ 60% Rated Load (ZVS)

m  Mains Current THD, = 4% @ Rated Load ~ 000
nt THD, ) = 99%
m Power Density p = 4kW/dm
99.5 * —
2 99.0 7
Py= 8 kW g sl °
= N = z
fs = 36kHz g %80 o = 1 1o
& 9751 fﬁjﬁf — G0 kHy
97. :
Transforiier Gate Drivers ZYNQ 7000 _ 7 02 6 10 14 18 99
with Leakage System on Chip Output Current in A
Input 10A/div

Filter

o007 %% %Y

N

Direct Matrix Converter 4

Heat Sink >¢ ><t

I T,
Ky N
) \\ \

Tv
Full-Bridge Cqc o "\i ¥
\J/ >5/ \\ﬂ~/ :—/\ﬁt\
o |\L Iy I"'\.‘ N /\'/ ‘k\ “‘\.‘.N i
» 900V / 10m(Q) SiC Power MOSFETs A R R

» Opt. Modulation Based on 3D Look-Up Table

ETH:zUurich

r‘J o ‘l‘ Tl b r«\»”"ll 4
N I‘/r ’k\ e /w\f» y e \.'»>M "M v N\‘,'»\ ‘l'f 4 " .T/M h\“\

b
M.l 72/84

; ‘,\> :J'u\ /, Vt\ /
"\ w/ ,'-"/rl \H‘\‘ i \"/
/%"«\MW;%\&W //‘y L\”“‘“J-" v/‘.%'\\w
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A

) 3D-Packaging
X-Technology #4 Automated Manufacturing
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3D-Packaging / Heterogeneous Integration

m System in Package (SiP) Approach

m Minim. of Parasitic Inductances / EMI Shielding / Integr. Thermal Management
m Very High Power Density (No Bond Wires / Solder / Thermal Paste)

|

A - w VICOR
Automated Manufacturing Source: —jp————
2.1in? and 34 W/in? 0.57 in? and 105 W/in?
72 Watts 60 Watts

23"

<—0.65"—>»

1.26 in? and 26 W/in? 0.57 in? and 105 W/in?

33 Watts 60 Watts

e Future Application Up to 100kW (!)
e New Design Tools & Measurement Systems (!)
e University / Industry Technology Partnership (!)

- 1.3" -
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Monolithic 3D-Integration

Source: PAMASONIC 155CC 2014

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

Rehronce 2

GaN integrated

Poit2 bidirectional
(To RF-triggered . . "
Al 15'“‘“ bidirectional switches ) switching chip
1.2mm - ‘ Port3
4, . “ »R fi 3
eference
=3 ‘\) R
Port1 RF-Output 0—'——

(From DBM —’-—_
transmitter ) RF-Input ’ » » S £
Port! [y Pnn—3 P E
Ppriz :
P.CB 0.28mm ¥
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» Convergence of Measurement & Simulation - “Augmented Reality” Oscilloscope
» Measured Signals & Simulated Inner Voltages/Currents/Temp. Displayed Simultaneously
» Automatic Tuning of Simulation Parameter Models for Best Fit of Simulated/Measured Waveforms

ETH:zurich A4A PowtrRAMERICA
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PCB-Based 3-Port Resonant GaN DC/DC Converter

m Single Transformer & Decoupled Power Flow Control

m Charge Mode PFC > HV (250...500V) SRC DCX / Const. f,,, Min. Series Inductance / ZVS
m Drive Mode HV > LV (10.5...15V) 2 Interleaved Buck-Converters / Var. f,,, / ZVS

m P=3.6klW

)

f 7
~

VPFcE() lvT,PFC i i vT,Hvi ‘ leHV
3 3

PFC.}))J:j T T HV.b]*

: LV.lbo
ITLV  TFT L,

Y = 16 kW/dm?

® Peak Efficiency of 96.5% in Charge Mode / 95.5% in Drive Mode
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X-Technology #5 ﬁ?wzxﬁ HF (Nizn) Maanetics
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HF Magnetic Materials & Ceramic Capacitors

m High Performance Factor of Low Permeability Magnetic Materials for 2...20MHz
m Volumetric Efficiency (uF/cm?) Improvement of MLCCs Exceeds Moore's Law (!)
m Hybrid Ind./Cap. Converter Concepts for Min. Magnetic Energy Storage Requirements

Current rating [A]

I@I __77/84

Voltage rating [V]

Standard Performance Factor 0 1 2
010 10 10, -0
160 ol 10 — . y 10
. ]
. P i ' : i\ i :
Ap A= F T . : MLC :
= 120 - 2 e k\\‘erthax f —_ 10_1 3 = : Q ! i@ ']071 S
= o : i + Capaciter =
»&. E ] - H g [ . . g
& = H s H i e~
= = . > =
2 80F = 2 . LI =1 K] 2 E
= E10° === i 1107 =
Dﬁ Sl > . . [ j;;
el E t 1 i A
B 40 agin® 2 . : 5
i [} -3 . -3 g
= 10 ¢ 5 : 410
b >y .)sz(x ¢ XX 2
o . . L g0 Xoex 5
() —
fo1 0.1 1 10 100 - Xg s
Frequency (MHz) 10 ¥ &).( Power 110
- - - Ferrox. [28] —#— C2025 —#— CM48 —&— N40 [17] —@— 52 —5— 67 [17] —&— M2 —A— M5 —B-P[I7]
- 4--4F1 —— C2050 —4— CM5 —4— XCK —@—61 —@—68  —&— M3  —f— HiEff 13 —F— 17 [17) Inductor
—— C2010 —#— C2075 —4— N40 —4— XTH2 —@— 67 —A—M —A— M3 [17] —l— Micro 2 |
1 2 3
10 10 10

® Performance Factor B. f Indicates Power Handling Capability @ Const. Loss Density & Core Volume
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) Automated Design
X-Technology #6 ZJ b ™ Digital Twin / Industry 4.0
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Digital Signal & Data Processing

m Exponentially Improving uC / Storage Technology (')

— Extreme Levels of Density / Processing Speed Moore’s Law
— Software Defined Functions / Flexibility Gulftown Core 6 ¥ Bridse
— Cont. Relative Cost Reduction 10° - s:,‘:\;ny i
AMD K10
108 e

107

Pentium 4
Pentium Il
Pentium I
Pentium Pro

Pentium
i860

10¢
10°

104
8080
"“8008

1970 1980 1990 2000 2010 2020
Year of introduction

MC68000
8086

Transistor number per chip

e Fully Digital Control of Complex Systems
e Massive Computational Power - Fully Automated Design & Manufacturing / Industrial IoT (IIoT)
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Automated Design Roadmap

m End-to-End Horizon of Modeling & Simulation
m Design for Cost [ Volume /[ Efficiency Target / Manufacturing / Testing / Reliability / Recycling

Autonomous Design > Design 4.0

— Independent Generation
of Full Designs for Final
Expert Judgement

Augmented Design

- Suggestion of Design
Details Based on -
Previous Designs

Assisted Design

— Support of the User with
Abstracted Database of
Former Designs

State-of-the-Art -

- User Defined Models
and Simulation /
Fragmented

e AI-Based Summaries > No Other Way to Survive in a World of Exp. Increasing # of Publications (!)
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- Moving from Hub-Based Concept

to Community Concept Increases
Value Exponentially (~n(n-1) or
~nlog(n) )

Value

e Automated Design / Digital Control / Digital Twin

600

450

300

150

Scaling Law - Power Electronics 4.0

m Metcalfe's Law

W Number of nodes

I Connections

o
Tl 80/84
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— S-TCM Full ZVS Inverters

— Multi-Level/Cell Inverter Topologies

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

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

— Monolithic Bidirectional GaN

— Integration of Switch / Gate Drive / Sensing / Monitoring
— SiC/GaN 4.0
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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% !

Performance
A

Replacement
(Disruptive)

» Super-Junct. Techn. /

» Power MOSFETs & IGBTs
p Circuit Topologies

I@I ___82/84

/
/

#1 WBG Semiconductors /
#2 Multi-Cell/Level Concepts /
#3 Functional Integration /
#4 3D-Packaging/Integration '
#5 MLCC & HF Mag. Materials 7\
#6 Digitalization / IloT 4.0 ﬁ

/

WBG
» Digital Power

Modeling & Simulation 3 3

=~ |

g § Technology Microelectronics
EF 3 PModglationl Eoncep:s 2.0

l | - Ss(t:Rf /DDi°. des ontrol Concepts

olid-State Devices __/
™ Existing 1.0
Technology
» Effort / Time ] * 2025
1958 2015
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Comparison to “Moores Law”

m “Moore’s Law” Defines Consecutive Techn. Nodes Based on Min. Costs per Integr. Circuit (')
m  Complexity for Min. Comp. Costs Increases approx. by Factor of 2 / Year

Economy of Lower
Scale > < Yield T [i]
108 i \W%

1962 >2015: Smaller
% Transistors but Not Sj
104 t any more Cheaper 1

X .fp f*

o p SiC
% —t w _ GaN
o 7/
- s

102 \‘-D’ N
k il 3D-Packaging Jo
F X-Level Topologies
g HF Magnetics A
& » etc.
w
1 - _
1 10 102 108 104 108 Pl in3]

Number of Components Per Integrated Circuit

» Definition of “7%p* 0% f,*~Node” Must Consider Conv. Type / Operating Range etc. (!)
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Future Development

m Commoditization / Standardization
m Extreme Cost Pressure (!)

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

Solid-State Transformers

Standard / L 100kw
Integrated =2
Solutions —

A7 System
Applications r -~
J i

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

10W

e Key Importance of Technology Partnerships of Academia & Industry
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Thank you!
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Accurate Measurement of
SiC/GaN Power Semiconductor
On-State & Switching Losses
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On-State Voltage Measurement (1)

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

Vdc

10
ol

7 (@)

; L ] &
lL ) L.V
Cc Vaw - -_——
de ]
% )} . 1 ©
ds —_—
g o §°
Ves
(e

1 (@)

Roston) = Voston)/ T

=
=

DS

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

1 Vidiv
DC 50Q
Ch. 2:
200 V/idiv
DC 1MQ
4 Vidiv
DC 1MQ
Horizontal
40ns/div
20ps 5GS
0 40 80 120 160 200
Time - ¢ (ns)
o FT T T ] o FT T T T o T
o oo
. = 1.8 ! 18 ‘\k‘\:*. 1.8 M
o g 1.6 1.6 1.6 # &
“; — L —e—O—g | BN RN I A A B B S I @101(2
s Sl T e 028vL]| L4l PPRIIE IS Y 20 i e e
s 8 L e 0.4BV; e 50kHz || | = e 5.0A
1.2 S 12 1.2
= o 0.6 BV, e 100kHz o 10.0A
: 1 e 0.8 BV f 1fe 200kHz ——— lhoo 15.0A|——
50 5 10 15 40 60 80 100 4 60 80 100 40 60 80 100
Time - ¢ (ps) Case Temp. - T, (°C) Case Temp. - T, (°C) Case Temp. - T, (°C)

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

ETH:zUurich

dn
A2

A4A PowtrRAMERICA



S1C I Power Electronic Systems
I'— Laboratory I@I A3

Switching Loss Measurement

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

o
~ 40
s & & W
amb = N
Ty gl o/ & D o
Heal.. M PCB g 36 /r
Spreader Thermal & 34 /
\ : : Insulating Heat Pad —E 32
Rl BeY Sink ) 30 —— Measurement
Insulating <~ ‘/}% g — Model
Box ~ Heat Sink = :
Ty 0 250 500 750 1000
Time - ¢ (s)
m Case Temp.-Based Ultra-Fast Method = 15 sec / Measurement
o 100 BW 1]
T T, SIED
! 4
——l W PCB g 60 ’ = = = High-Side
Spreader HE Thermal é f —— Low-Side
: Pad I
Insul : L i
nsul a; gi ]s_;lli‘ll: E:’ 40 === Mcasurement
g === Model
<20 . .
br 0 20 40 60 80
amb Time - ¢ (s)
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Example Measurement Results

m 650V GaN (ZVS)

'W/Ocext

B ()

Switched Voltage Slope - duvgs/dE (V/ns)

0 10 20 30 40 50

0.5
04—
03 BT S B : '

Switching Losses - F,,, {mJ)

0.6 o ]’"I'"'] T T R I N I -

0 5 10 15
Switched Current - L, (A)

m 1.2kV SiC (Hard-Sw.)

E,

swad

Ll e — - ”,””,}erUDC
02F —F

Qu.ss UDC

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

Switching Losses - Ey, (pJ)

Vs (V)

180

150 f
120 |
90 |
60 |
30 F

M
-30 -25 -20 -15 -10

0

200
160
120
80
40

—e— EPC 2047

-e= OptiMOS 3 FD

@ @ Tj,-based
o T,.-based

ol

-5

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

— OptiMOS 3 FD
— EPC 2047

0 40 80

Time - ¢ (ns)

120

Vg (V)

200
160
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80
40
0

0 40 80
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—— AppendixB ——
T-Type M-BDS Topology

Integr. Active Filter PFC Rectifier
Swiss Rectifier
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\ ! JENETLE T-Type PFC Rectifier Topology

m Application of 600V M-BDSs @ U,,= 800V in Combination w/ 1200V SiC MOSFETs
m Hard-Switching Cont. Cond. Mode (CCM) or ZVS TCM Operation

4
e
Current (A)
o o

_T_ + ' + 15 §’ 30
= ~
] (0] 2
— “ L * * % C .—L. = 25 §
a o =
L - % 20 ¢
b I = = 2z
N _ : Upn = Ly 152
c 53 = = =
L + o [ 10 5
i = = = %
i I - o R= 5 A

T 5 ;
& - & & & O - Z
n 0 T,./4 T,./2 3T, /4 T, 100 200 300 400 500 600 700

Time (t) Switching Frequency (kHz)

e Max. Power Density | 98.4% Efficiency @ CCM w/ f,,= 550kHz
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Integr. Active Filter (IAF) Rectifier

=0

- P,= const. Required
- 3-O Unfolder Front End
—> 3" Harmonic Injection in Middle Phase
m Non-Sinusoidal Mains Current —> Basic Idea: M. Jantsch, 1997 (for PV Inv.)
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IAF Rectifier Demonstrator

m Efficiencyn > 99.1% @ 60% Rated Load

400
200

-
m  Mains Current THD, = 2% @ Rated Load s .
m  Power Density p = 4kW/dm? g
2 -200
P,= 8 kW -400
Uy= 400V, > Uy= 400V,

fs = 27kHz

FPGA Board

Gate Drivers

Current in A

1 1 1
0 60 120 180 240 300 360
wtin ©

Auxiliary \ 3 .
Supply r X
4 k= -]
.~ EMI Filter 2
Lij Injection & .§
Buck Converter & 7]
Switches = —— Calculation Upll =400V
975 Calculation Up, = 380V
. . T o | e Measurement U, = 400 V||
» SiC Power MOSFETs & Diodes ol s Moasurement U =330V
» 2 Interleaved Buck Output Stages 97.0 T B
00 10 20 30 40 50 60 7.0 80 90

Output Power in kW
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——— SWISS Rectifier

&=
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IAF Rectifier = Swiss Rectifier %

m Controlled Qutput Voltage
m Sinusoidal Mains Current
m i, Def. by KCL: E.g. 7,- i,

o o

o0

| Bk

» Low Complexity
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Swiss Rectifier Demonstrator

EMI
Input
Filter

Efficiency n = 99.26% @ 60% Rated Load
Mains Current THD, = 0.5% @ Rated Load
Power Density p = 4kW/dm?
P,= 8 kW
U,= 400V, > U,= 400V
fs =27kHz
DC Output
I()}a_to 2 .
rivers o ;
FPGA e
Board \o g
; ' TINGE c,

Buck Converter
Switches

» SiC Power MOSFETs & Diodes
» Integr. CM Coupled Output Inductors (ICMCI)

ETH:zUurich

I@I —B-5

99.5
. 99.0.: ............................... . |
= 085 Calculation U; = 230V
o 7o | e Electrical Meas. Uy = 230V
§ 98.0 I m Calorimetric Meas. U; = 230V
% ¢ Electrical Meas. Uy = 195V
& 97.5 ‘_ ‘| v Electrical Meas. Uy = 264V

97.0 & : ' : '

2 6 10 14 18 22

Output Current in A

- -
ﬁ
EooT
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— The END —
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