T
ETHziirich ECCEASIA f()yze
| ot =gVl =

_'\l EXT SIC Gal3-00 VariableSpeed
GEN"" Drive PWNM inverter.Concepts

J.W. Kola, M. Guacci, MAntivachis D.Bortis

Swisd-ederal Institute of Technology (ETH) Zurich
Power Electronic Systems Laboratory
www.pes.ee.ethz.ch

Nov. 29, 2020




S1C I Power Electronic Systems
I = Laboratory

ETH:zurich

1/93

Outline

3 Introduction

SiC GaNApplication Challenges
VSI with dvdt-Filters
VSIlwith FulkSinewave Filters
Multi-Level /Q2L/Modular VSI
Buck+Boost'SI & CSI

3 Conclusions
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Variable ‘Speed/Drive
Inverter Systems

State-of-the-Art /
Future Requirements
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Yy Industry Automation / Robotics

y Pumps/ Fans / Compressors
y* Transportation

2/93
5 ApplicationsooDDrive Systems
Yy Material Machining / ProcessingDrilling, Milling, etc.
y etc., etc. U . Everywhere ! Soure ) reaerrs

0 60% of El. Energy Used in Industry Consumed by VSDs

ETH:zurich
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5 VSIbtate-of-tihe-Art

Yy Mains Interface / 3 PWM Inverter / Cable / Motdr All Separated

A Large Installation Space [ $$$
A Complicated / Expert Installation/ $$$

y Conducted EMI / Radiated EMI / Bearing Currents / Reflections on Long Motor Cables

A Shielded Motor Cables [ $$$
A Inverter Output Filters (Add. Vol.J $$$

Source: FLUKE

m Drive and drive output Motor and drive train

0 High Performanc@ High Level of Complexity / High Costs (!)

ETH:urich eyt
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5 Future Reguwements (1)

Y ©° NeErx per t »&LdwCast Molork . A °Si-mweger» OR

4/93 ——

nt egr at

Yy Wide Applicability Wide Voltage & Speed Ramngje Matching of Supply & Motor Voltage

Yy High Availability

Voltage Stress
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= Operation I I |
E .
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T T T Power (0 10
0 Power (%) 100

0 SingleStage Energy Conversign No Add. Converter for Voltagdaption
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5 Future iReguirements (2)

Yy Red. Inverter Volume / Weight A Matching of Low Volunué High Speed Motors
Yy Lower Cooling Requirement A Low Inverter Losses & Low HF Motor Losses

Yy High-Speedvachines A High Outpufrequencies

-

Source: Geo_lg‘]:ht
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A Mai n ° Eh a3d/GanlPewer Semiconducto& Adv. Inverter Topologies
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Enabling TechnologiesGhallenges

WBG Semiconductors
—— Advanced Inverter Topologies——
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% SigGaN

Yy Very Low OBtate Resistance A Low (Partial Load)Conduction Losses
Yy Very Low Switching Losses A High Switching Frequencies

y Small Chip Area A Compact Realization
-
) 1 SRR : SR 1
D-FOM" = ———— - |
Rds,onCosé,Q L e g,
1032
Upe SIS : o]
T. T G g N -
e P Ris,on*E_Tb 108} pvp S S S
T ‘= A ™= e g e F
TEJ“'## J,’fE L= f :
0 _ 107 Co E ' A
102 10?

Rated Voltage - Vysnax (V)

A Challenges in Packaging / Thermal Management / Gate Drive / PCB Layout
A Extremely High Sw. Spegati/dt) A Motorinsul. Stress / Reflections / Bearir@urr / EMI

22
ETH:zurich ;ge‘g
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% Sius.SiC (1)

Yy SHIGBT Diode A Const. Oibtate Volt.& Tail Curren& Diode Rev. ReCurrent
y SIGMOSFET A Low Rgn - Massive Loss Reduction @ Part Load IBidher B

6X SFIGBT 6X SIGMOSFET

i 6x SrDiode ° .J ._] ,J

KF KF K3 BBk

Vie = : Vi e :

KE O kF o KH -
9.5mmx 10.4mm 4.0mm x 6.4mm
2x 3.4mnx 5.8 Dioce 37%
(]).(OO%r)nm( e " m (37%)
1200v 10A 1200v 10A
Die Size98.8mn¥ + 39.4mn¥ Die Size:25.6mn¥

A Module FootprinReduced by30%(!)

3.
ETH:zurich ((72(3
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¥ Sius.SiC (2)

Yy SHGBT A dv/ dt
Y SIGMOSFE® d v/ dt

2(Ipv@rterkf0r’ Yan. Speed DrivedEC 6180)
Op60 kV/us

800} - 180 800} f 1 180

600+ | ' 60 600+t N\M’V‘ 60
uce|(V) b ups (V)
4001} . . | 140 4001} . | | 140
-
200+ 200+ ' ' - 120
0 ‘) | | ID .(A)

A Extremely High ddt A Motorinsul. Stress / Reflections / Bearir@urr / EMI
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¥ PDMotor insulation/Bestrtttionz(1)

9/93

Yy High dvidt A Unever'Wdg VoltageDistribution / Reflections HighPeak Voltages
Yy Voltage Peaks A Locallnsul. Breakdowre.g. in AirFilled Voids Partial Discharge (PD)

y PD A Grad. Destroysul. (Impinging Electrons, Ozone Chem. Attack)
Source:Bakrard ECPE 2019
Us Kaufholdst &1
2000
100 T T
Yy Inverter Motor Voltages o = = = Mmeasured curve for a 4-kW-motor

(a) Lineto-Line

with 3 coils in series

(b) Lineto-Earth
(c) Across First Caoll

60 1=

20:

Voltage step over the first coil i,

g -~ - r},* - k—
t \ t L ! typical region for low voltage motors
\r 1 I withn > 3 cous in series
a) b) d 0 0,050,1 _ 1 10 s 100
Rise time of the voltage at motor terminals t,

0 Preventin®D A Ampl of Voltage Peaks ®D Inception Voltage (PDIV)
0 PDIV ParametershA, Temp/ Humidity / Pressuré Insul. Thick/ Type /Wire Diameter etc.

; ()/Q
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¥ PDMotor Insulation/Bestrttion2(2)

Yy dv/dt-Limits Specified bystandardgo Prevent PDestruction

Yy National Hectrical Manufact Association (NEMA, Motor Manufacturers in USA)
Yy Intern. Hectrotechn @mmission (IEC)

T T T T T T T T T T 7] NEMAM®art 31- 400\& 600V
T S BREEE JEEREEEREE EERERES LR IEC 60034-25 By |EC 600347 - Cage Induction Motors
% o T B 1 IEC 600325- 500\(A) &690\B)
;’ — . I o NEMA‘ M:G.l- 31 600V- IEC 600327 - PDMeasurements
=T4] . I T L
% Lo Lo l
E . _____I_E_O£00£22A_ H

1 - :

i’ RN NSRRI PR IEC 60034-17
L — —— ——— e _ [
= et NEMA MG131 400V
=]

< 1

=

0'5 | N N N N M I S R S T S R S S S R S T
0 ' 0.2 0.4 0.6 0.8 1 1.2

Voltage Pulse Rise Time (us)

0 Ensuring the Limit$A dv/dt-Filtering ORFullSinewave Filtering
0 Relevancef dv/dt-Limits, e.g. for SingleTooth Windingglnder Discussion
,)@
ETHziirich 10=C _
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5 SungeoltagedReflections

y Long Motor Cableu 2 t, v
Yy Short Rise Time of Inverter Output Voltage
Yy Impedance Mismatch of Cable & MotprReflect. @ Motor Terminals / Higyinsul. Stress

1.8
e < )
B 4 \ N2
o 18| 12:F \\‘\ /
Ed gl 4\\‘
3 0.8 | ’”
= 1.6} :
—lfd ‘ 0.6 -
i ‘ 0.4
14l ‘ , -\/ “\
S 12} P i\ 1OV,
04 X UG max
1 : -0.6 L ! |
10! 100 10! 102 108 0 500 1000 1500 2000 2500 3000 3500 4000

Cable Length (m) time in ns

A dv/dt-Filtering OR Sinewave Filtering / Termination & Matching Networks etc.
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5 Mator Bearng Curnents

Yy Switching Frequency CM Inverter Output VolkaddotorShaft Voltage
Yy ElectricalDischarge ithe Bearing © ED M» )

Rotor
(I pemsmsmsmmcemamme=a==o [ nner race N
) H o i )
[nverter ‘[ / ‘[ j L Beanng Edges of pit
Cuur ,‘ ll cool quickly
"hrg I | and harden
_____________ ECE R ——— -~ I
| a N =C s ]
C 5

A Cond. Grease / Ceram. Bearin@haft GrndgBrushes dv/dt- ORFulFSnewave Filters

@02¢ _
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B SiCvs. Siinverter EMiIpSpectrum

y" SiCEnables Highetv/dt A Factor 10
Yy SiCEnables Highe3witching Frequencies A Factor 10
y" EMI Envelope Shifted to Higher Frequencies

Source/ldea: Mschutterd GE

f< 10kHz & 5 kV/us for (Si IGBT)
f< 100kHz & 50 kV/us fo65{CMOSFET)

-
=
— /m
\SDCC/BgO@%YJ: 50% @ o <
v, % TN
Vie _.‘ r_ W) @ ™ S
S <
-
t ov @ DC
T ' 10° 10% 10° 109 107 108 10°

f - Frequency (Hz)

A Shielded Motor CablgdR dv/dt-Filtering/ Full Sinewave Filtering,
A Higher Influence of Filter Compon&drasiticsand Couplings

ETHziirich Waly _
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Inverter OQutput Filters

dv/dt-Filters
_— reds Switching ——
vie (GNFiltering
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B Passive’ [Hiybrid A&Adctivelv/dt-Limitation

y Passive Damped.CGFilterf.>fg
Yy Hybrid , Undamped.CFilter & Multi-StepSw.Transition
y* Active , GateDriveBased Shaping of Sw. Transients

fw= 16kHz
t=t= 130ns
fo=2.4 MHz
P ipc dv/de-Filter: 3...6V/ns
| N
F s B, N L
Voe==C : b : = M 25
pe . - A CAY 22120
— — — CO—L——-L QO)DE
el Y N | 8
—t """~ =-- | E 60
n L y o
C To—
; v Mo Frequency f (Hz)

0 Connectiomo DCBus & CM Inducto”, Limit CMCurr Spikes / EMI / Bearing Currents

e _

ETH:zurich
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5 Desigrof Passive/dudt-Filters

Y Influence of Motor Impedancg, & (Long) Motor Cable
Yy Sw. Transient Results in DM & CM Voltage ${efonsider DM & CM Properties

Z\fa*b=c*-PE

abe 13Lo  Lom g% abe /3L a*b¥c*

80

= 60 Z 60 [
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Frequency /" (Hz) CB _ 2nk> Cf\VI Frequency /" (Hz)
0 Z pyHigher Compared tg &, A More Critical
o]

Low Z/ Large Filter Capacitof, High Losse8 SelectZ ,,Only Slightly BelowZ
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Laboratory
5 Compatisonfalv/dt-Filtering Teechhigues (1)
7
y' Passive Concept Yy Hybrid Concept (3¥ y  Active Concept -({)-
1. LCFEilter 1. LCFilter 1. Miller Capacitor ¥
2. Clamped L:Eilter 2. Multi-Step Switching 2. GateCurr Control
+ +
o Flj_ [ |
Fa B Y
Ve - —]— iia Ef Voc - - _]_ - %* Vb -—#ia—%
| o ! 1
JE} vla C Vg sz v, C Ve Cu Va
S LA I B s e | .. il .
y Output VoltagéVaveforms .= 800V, B, =10kW 6kV/us 1200\8iQ 16

G,= 120pF

L =4.1uH
C=1.3nF
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5 Compatisonfafv/dt-Filtering Teechhigues?(2)

y' Passive Concept Yy Hybrid Concept (3¥ Yy Active Concept
+ + +
| f;j E =y
L g CM - v.].
%} i, a* J'_ ip L i, a* IE'_:;UH ' Iy a
o Vbe T ° Vbe °
| |

| a c oo Ll |
Va Vax e Va Vax M Va
J%:? ¢ Jo& T ; tP‘ f
] ° . 0 o ¢ 0

Yy Losseg Power Density V= 800V, P, = 10kWf,,=16kHz 1200VSICMOSFETE5mm)

A A

- dv/dr (V/ns) i [
c\e ] OO . . . . l 2 l 00 B zl;opl a.max
; 4 LC-Filter with DRC ;\3 — LC-Filter with DRC G a I
Z A ‘Hybrid LCFilter = — Hybrid LC-Filter 9956% SiC MOSFET
2 [|m Active Concept [ [ - " 9 é '1— Active Concept [ i
£ - z
§ 99 @ s 5 99 i
£ = Over-—
= 3 » Load |
E g
3 CSPI i) = 25 z IGBT Eff. Limit: 98.3%
Z 98 : : ' 1 = 98 . -
g 0 20 40 60 80 100 0 10 20 s 30
Volumetric Power Density p (kW/I) Peak Phase Current fa (A)

Smaller Opt. Chip Area for Hybrid Concept (82idv. of Active Concept for High ditv/

; Q/Q

O«
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5 StaggetrediResaonanuSwitehing

Yy 2-Step Switching / Resonant Transiti@h. Hybriddv/dt-Filter)

o TD = Tf(LrCr)”'s
Vie QJ% J% SaT !—1 1
1 - L i Sy | '_ t
Coc vy ————v L ? i /_ Vie
oJl—j DJl—j CrT Vout 3 vomJ.... ‘ ‘
o . el ; t
y' Staggered Sw. ParallBridgeLegs”A NonResonant Mukbtep Transition
v, o
EF R Ny —
Voc anlked _ I
Coc] N - Ej_l’“’ . !
DC N g_ L; v, : E i 37,
ErE e e

0 Adv. for High PowérOutputCurr Syst.w/ ParallelBridgeLegs& Local Comm. Cap.

ETHziirich ;0/0
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B Active @M Noltage!Fittefs) (1)
Yy Series CompensatiohCMVoltage & DM ddt-Filtering

p

L

I

% 9% o3 ﬁ é ﬁ

So

0 ResidualCMVolt. Due toCMTransf & Sw. Imperfections Complexity
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¥ Active @M NoltagelFilters) (1)

Yy Aux.BridgeLegA Zero CNoltage for Active Inv. Sw. Stat& DM dvdt-Filtering

b

U ErER R R L

LT gzzww@
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| Er R RS e

ol EE kR L |

U +_a b =IT o

Cin =T c i Wc’

0 ResidualCMVolt. Due toCMTransf & Sw. Imperfections / Complexity\Missing Zero State

@02c
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Inverter Systemw/
Full-Sinewave’ Output Filters

TCM Operation
—— Gal\vs. Si VSD Performance—
Output FilterControl
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5 FullSinewaveiFiltenn@ 2%3TOGM @peration

Yy ZVS of InverteBridgeLegg(Avoids Using the IntrinsiDiodes of Si MOSFETS)
y" High Sw. Frequency & TE&M_ow Filter Inductor Volume

Jiz E3 B3 £y
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STOM »
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Yy WidelyvaryingSw.Frequencgf Conventional TCM £ 20
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B 3-00 650VGaNinverter System (1)
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YASKAWA

Yy Transphorm 650V GaN HEMT/30MGSFET Casc8uatching Devices

Yy Measurement of Sw. Propertids TurrOn/Off 10A/400V

2-in-1

15uF

ON: 8V
OFF: oV

module “—»

Power T
Supply
320Voc 630V

Gate
Driver

uul

O« O«

ETH:zurich

HV GaN
HEMT

500

400

300

200

100

0

-100
8.94

Volts
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T 2008 " Time (us)
] ns ime (us
-100 1 T T ———T F

Factor 10 Lower On/Off Delay & Sw. Times Comp. to IGBTs
Extremely Low Sw. Loss&s Inverter Sw. Frequendy= 100kHz
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8.3 8.32 8.34 8.36 8.38 8.4




S1C I Power Electronic Systems
1= Laboratory

24/93 ——

B 3-00 650VGaNinverter System (2)

YASKAWA

Yy Transphorne50V NormalfOnGaNHEMT/30V $ilOSFEJascodé-in-1 Power Module

Yy Sinewave LC Output FilterCorner Frequendy= 34kHAf <+ 100kHz)
Yy NoFreewheelin@iodes

LVSi HVGaN

FET HEMT
------ D
_ Transphorm GaN Module I 2 1
Pin = 5T —— P Pm
f:—p () o« S
loc —] —] —]
Sine wave Filter Torque
YY) | Transducer
A\ u
Voe — (Y YY) Vi v un( M
Coe _{VW\ o Viw
Le >l 2.2kW 11kW
_ -—|[ -—ll: (3hp) (15hp)
N Lo |
GaN 6-in-1 module, 600V

A Very Low Filter Volun@ompared to SGBT Drive Systerffs= 0.8kHz@ f;C 3 k Hz )
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B 3-00 650VGaNInverter System {3) YASKAWA

Yy Transphornd50VNormallyOnGaNHEMT/30V $ilOSFETJascodé-in-1 Power Module
y" Sinewave LC Output FilterCorner Frequendy= 34kHAf <+ 100kHz)
Yy No Freewheeling Diodes

f.C1/3 fq
>
50 -—--—-7-—--~-7- -~~~ -~~~ [l et r=——-71
450+--- IGRT --p-—-——-—"-4--—-1—————————+ ————14
4.00 fg&100-kHz I I
350 I/ GaN | |
S0 N1t A |
- 250+ - - - —-L —— L !
200 ;- . :

0.00
1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Frequency (Hz)

A Very Low Filter Volun@ompared to SGBT Drive Systerffs= 0.8kHz2@ f;C 3 k Hz )
A Lower Size of DC Input Capacit@b@bo vs. IGBT) &3dB Audlble N0|se @ 6krpm
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B 3-0 650VGaNInverter System<(4) YASKAWA

Yy Comparison dbaNnverter with L&Filter to SHIGBTSystem (No Filtefg=15kHz)
Yy Measurementdf Inverter Stage& Overall Drivé.osse€® 60Hz

98%A

P_J" 80%A
Ioc
_| _| _| Torque
Tral er

L— Iy

Vee | == §jjvw L |vm( M ):é':( )
Coc Viw

Y

w 2.2kW 11kW
- _5]. ‘5} (3hp) (15hp)
N 1)

Si IGBT 6-in-1 Inverter module, 600V

A 2% Higher Efficiency @aNSystenDespite L&ilter (Saving in Motor Losses) !
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