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Outline

3 Introduction

SiC GaNApplication Challenges
Inverters with Output Filters
DoubleBridge VSI Topologies

Coffee Break 10:3010:45 s
| —
% Buck+BoostVSI & CSI Topologies/Control

QuasiMulti-Level & Modular Inverters
Adv. PWM Rectifier Topologies

3 Conclusions

5
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Variable ‘Speed/Drive
Inverter Systems

State-of-the-Art
Future Requirements
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5 ApplicationsooDbDrive Systems

Yy Industry Automation / Robotics

Yy Material Machining / ProcessindDrilling, Milling, etc.
Yy Pumps / Fans / Compressors

y" Transportation

y etC, etC “ . E V e r y W h e r e I Source:(-?ﬁ TESLA MOTORS
E:,;ffiﬁ- = T
_ A
i g A i

0 60% of El. Energy Used in Industry Consumed by VSDs
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5 VSIbtate-of-tihe-Art

y' 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 I $$$
A Inverter Output Filters (Add. Vol.J $$$

Source: FLUKE

m Drive and drive output Motor and drive train

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

ETH:zrich 1@ _
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5 Future Reguwements (1)

Y °NeExpert» | -CostMotors . / AL°0Swn -Imnvegers OR |l nt egr at
Yy Wide Applicability Wide Voltage & Speed Ramngje Matching of Supply & Motor Voltage

Yy High Availability

Voltage Stress

LA B |
e e : UFC}}“‘\
: R
oy
P&
-z
= -z
o Voltage P 2
o Bttt S iettntiuituivsshodiovh 2 £/ SN Fuel-Cell - Inverter Hotor
= Operation I I |
E .
Range Current Stress
S P 1
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 Volunoé High-Speed Motors
y" Lower Cooling Requirement A Low Inverter Losses & Low HF Motor Losses

Yy High-Speedvachines A High Outpufrequencies

|

Source: G“ﬁﬁt

X 99

=

g 98 1. ‘

: = g

o :::::3::3::::'.::]77>98 %::.—::::}:: o

S 9Tre > 10kW/kg
,,,,, S IS Lo o It e B

0 0 0 0 0 O S S

0 5 10 15 20 25

Gravimetric Power Density - v (kW /kg)

A Mai n ©° Eh a3d/GalPewer Semiconducto& Adv. Inverter Topologies
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Enabling’TechnologiesCGhallenges

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
FOM=——
s,0n <oss L. e ” ol
10002 . -
: a8 g i
T T AL Gss DR S
"k Roor 1 10°L o gic |
T A= A = e S IR EEEFIEEE R T & F
TEJ“'## JEE L= :
' — L 107 L R S

10?
Rated Voltage - Vismax (V)

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

ETH:zurich
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B Siws.SIC

Y SHGBT
Y SIEMOSFE®

2Invertekfdr Wan. Speed DriveSEC 6180(3)

20u60 kV/us

Si-IGBT / Hybrid-Pack 2

1000

SiC-MOSFET / (scaled for low inductance)

Turn-off @ TJ = 25°C

800

600

400

UinV , linA

200 |

Turn-off @ TJ = 25°C

, linA

UinV

16 par. Chips

6nH |

0]

400 600 800 1000
t inns

E = 45900 p -> 8 kV/ps at 400V

A Extremely High ddt A Motorinsul. Stress / Reflections / Bearir@urr / EMI

ETH:zurich

-> 44 kV/ps at 400 V
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GaM'SiC
—— VSD'Application ——
Challenges

s AAAAS

Y,

EDGE 1 EDGE 2
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% PDMotor Insulation/Destretior(l)

Yy High dvidt A UneverWWdg VoltageDistribution / Reflectiond High Voltage Peaks
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
Insulation clso:é: €10
& U Source:
0 Kaufholcgt al.
2000
Insulation 100 | ;
A4 Inverter Motor VOItageS o = = = Measured curva for a 4-kW-motor
(a) LinetO-Line ° with 3 coils in series
(b) Lineto-Earth Z%
(c) Across First Coil s oM™
£ 60=
UL Iy AU s 40
u - ' U S o
“uf\ au ULEI W N\ 5 |
o K LE ¢ 0 e nd £ 20
t IJI \ t kL - i— typical region for low voltage motors
\r 1 I—= with n > 3 coils in series
b d 0,050,1 1 10 ps 100
a} ) C) Rise time of the voltage at motor terminals t,

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

ETH ziirich fes -
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¥ PDMotor Insulation/Destrtetio2(2)

Yy dv/dt-Limits Specified bystandards

Yy National Hectrical Manufact Association (NEMA, Motdvianufactin USA)
Yy Intern. Hectrotechn G@mmission (IEC)

T T T T T T T T T 7] NEMAM®art 31- 400\& 600V
rrrrrrrrrrrrrr o 1EC6003425B} |EC 600347- Cage Induction Motors
5 T 1 IEC 600325- 500M(A) &690\U(B)
— . | - NEMA MG1 31 600V4 |EC 600327 - PDMeasurements
| T T ] M

j___,___,____,-

Motor Peak Voltage (kV)
- n

0.5 gt
0 02 0.4 0.6 0.8 1 1.2

Voltage Pulse Rise Time (us)

Ensuring the Limitsd dv/dt-Filtering OR FullSinewave Filtering
Relevancef dv/dt-Limits, e.g. for SingleTooth Windings/inder Discussion

ETH:zurich fcis —
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5 SungeoltagedReflections

Yy Short Rise Time of Inverter Output Voltage
Yy Impedance Mismatch of Cable & ModprReflect. @ Motor Terminals / Higyinsul. Stress

Yy Long Motor CableO%: t v

1.8

;e <t )

=) A4 \ N2

o 18| 1.2 - \\‘\ /

gp 1 A\\‘

< 1M 4

S 08 - "”

= 1.6t ’

¥ ! 0.6

T ‘ 0.4 -

~ L ‘ D ‘

5 Bl I S S 4 ‘)4/__‘:,,{-.-‘_-\\\\

= 0 - : =i

EO 121 59 IAC-IOV/UDC
04 % “(‘G.max

1 -0.6 : :

- |
10! 100 10! 102 10% 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 VolkadéotorShaft 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. Bearing@haft GrndgBrushes dv/dt- ORFullFSnewave Filters

ETH ziirich fes -
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B SiCvs. Siinverter EMIpSpecirum

Yy SiC Enables Highev/dt A Factor 10
Yy SiC Enables High8witching 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) o
Vg = 800V nf. 93
D&/DC @D= 50% @ fo =
2
I 1 =
T f 2 - E
_T r_ VDC _-‘ r_ v(t)@ % f g‘
S <t
>

t ov @ DC

T 103 10* 10° 106 107 108 107
f - Frequency (Hz)

Higher Influence ofilter ComponerRarasiticsand Couplings
A dv/dt-Filtering ORFull Sinewave Filteringhielded Motor Cables

ETH:zurich fe? —
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¥ DMRZENuEConductedd Radiated EMI

y" DM Conducted EMI Pathwav N

\ DCx

| PRTT eI ST Sy

\ e s A AC motor

; il

| wEaeE |

! 0 Ciwr-wi Cowewnn |y Cunwnys Cuwn-wryn

H a =-rvv~ - Y - Y - Y - >

," Ei§ L 3‘ 'W\; - rvY\; E= V1IW\;; e NV\; =£ﬂ—ﬁ-
" Coc o W =0 : N P~ i N H
| e e e o Jomwewn Towgwew, Towgmmys  Iowunwn, ']
i 'I "] '{ “_‘ Tow,Hemc _ lomremM

\ = Vou

| e )

y" CM Conducted EMI Path{Mgtor Side)
Frequency converter T~ Zanme
- Cable shield impedance
DC+ /
7 lowre (AC motor

!/ Corsip Cowr-swn) U1 Cwnmryt Ciwn-mAn-1

—— > % ' 1 S
Coc L A~ Wi i :
. SN ) i
lommrsnt__ lomwesin, g LT LT
DC-| A lomsn £ Jemmnmer lom e Tomwomen,
3 . [/
2 > ; CM,MF-Gnd EMAE
Cocs,Gna 5 lom mr-sn = 7
£FC, i| [EMF,Gnd
5, [‘] Gnd

0 EMI Standards (Cond. & Rady) Shielded Motor Cablé8R FuBinewave Filtering
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Inverter Qutput-Filters

dv/dt-Filters
—— Motor Cable Termination——
Staggered Switching
Active CNFiltering
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5 Passive/ddt-Filter & Cablerdeimination

y fc.>1sA Reduction of High dv/dt of Inverter Output Voltage3op 5 k V/ u's

p

* ]Elj Jg:t E} £ & 1

A
L >
a o] a
Uiu éDC b : ‘:. T %If
c?
el S
Y

Jo% 7 53 “’36 6 6 551

Yy Termination of Cable with Characteristic Impedabamping

n

p

T
A +=ECDC - g g L ]?+ :
B3 B3 53 T

0 Limited Applicability@ High Output / Sw. Frequencies (Los#gsyinewave Filter

5
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5 Adtivedv/dt-Filtering

Yy Active Control of the ddt-Filter Transient Behavidy 2-Step Transition
Yy Influence of Motor Curret Adaption of Sw. Scheme
y* Connection to DOptional

Source: PhD Thedif;. Strom 1200
Lappeenrantdniv., 2009 / VACON !

-~
Voltage [V]

%k % % LT

GO0 -

300 -
4

400 -

JSo
Ve

300

Vohiage [V]

0 Ideally No Damping Resistors
0 Increase of Sw. Lossés Low Sw. Frequ. OR High Sw. Speed Semiconductors

ETH:zurich fcie —
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5 StaggetrediResaonanuSwitehing

Yy Staggered Sw. ParallBridgeLegs”A NonResonant MukbtepTransistion

| B e s

E3 B3 53 3 o

vd-—-—l
Yy 2-Step Switching / Resonant Transiti@h. Active dv/dtFilter)

V

a

. b

23 b jjaiiis
VDC DJ: DJ: SaT : 1 t
Lo~ -_— L S
Coc Vb'_-_h)*“’ L * i /_ VDC
I — }
B - 5 f
o ‘ o ; t

0 Adv. for High PowérOutputCurr Syst. Employing ParallBridgeLegs& Local Comm. Cap.

ETH ziirich fes -
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5 Active @M Voltage!/feitters

Yy Series CompensatiohCMVoltage & DM dv/dFiltering

p

L e |
%JE} % o3 CO[H -
bR

Yy Aux.BridgeLegA Zero CMWoltage for Active Inv. Sw. Staté&s DM dwdt-Filtering

1 b
1 i
i —0

d
B3R ER B3 o X

p

ik B3 B3 3
A b

T+
Z"in_ c

1115

'
[+
n

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

5
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5 Active @M Voltage!/feitters

Yy Series CompensatiohCMVoltage & DM dv/dFiltering

O0—jq
’ J% J.:lj L
a -T oa’
-

[, = b . . : } cg:
Bxex Ll

'
O
mn

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

§
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Inverter Systemwith
FullSinewave Output Filters

Filter Topology
TCM Inverter Operation
—— GaN vs. Si VSD Performance—
Output Filter Control
Adv. Modulation

5
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B °SingbormerOu@ua tilprut  Fi1 | t er

y f.<<fs DM and CM (!) Output Filter Stage Sin. Output Voltage / No Swrequ CM Voltage
y NoShleIded Motor Cabl&equired

Yy Reduction of MairSide EMI ATDK

Frequency converter

Power Rectifier DC link circuit Converter
line - Motor
7 iﬁ? B} % _I'I_I SineFormer ﬂn)
_|_—T Motor cable
u1 .H._ﬁ —
Vi -o—-—ﬁ —
w1 -;—E—ﬁ < i I ;, i____
@ " ; D L] [.] 2 T T T
Phase current mmmm Asymmetric currenti
= = Phase to phase voltage
o Large Weight & Volumg C 2 BELE d mp 8fs& Hzp 100 Hz)
0 Filter CapStarpointConnected to otDC(AIIows Retrofitting)

ETH:zurich
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5 Ful-SinewaveFHiltenn@ Z2X3TOM @peration

Yy ZVS of InverteBridgeLegg(No Use of the Intrinsic Diodes of Si MOSFETS)
Yy High Sw. Frequency & T&M_ow Filter Inductor Volume

NS
~Control n_A - - I
-1 :l>— PCIM'S88 - )= <«— 1988
: | |
High (POWER CONVERSION) A
-0ffset B8 AND Side p—"1
} Driver CONFERENCE g
|
F-- DECEMBER 8-10, 1988
E Y TOKYO, JAPAN
Low
c Side
+0ffset } @ Driver
Comparators

0 Widelywarying Switching FrequengyVoltage Headroom and/or Multiple Bridgegs
0 Rel. HighCurrent Stress on the Power Transistors

ETH ziirich fes -
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YASKAWA

§



S1C I Power Electronic Systems
I = Laboratory

B 3-00 650VGaNinverter System (1)

21/111 —

YASKAWA

Yy Transphorm 650V GaN HEMT/3MGSFET Casc8uetching Devices

Yy Measurement of Sw. Propertigs 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

500

400

300

200 -
100 - f 3
3 0

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. Lossg&s Inverter Sw. Frequendy= 100kHz

’4{— Vds(V) —— faut{A}i’ 15

u 12

lout

olts

fr—
4
©

Amps
[+,

/“_VDS

8.3 8.32 8.34 8.36 8.38 8.4

5



S1C I Power Electronic Systems
I = Laboratory

22/111 —

B 3-0 650VGaNInverter System (2) YASKAWA

Yy Transphornd50V NormalfOnGaNHEMT/30V $OSFEJascodé-in-1 Power Module

Yy Sinewave LC Output FilterCorner Frequendy= 34kHZA fs< 100kHz)
Yy NoFreewheelin@iodes

LVSi HVGaN
FET HEMT

b y Transphorm GaN Module
mn

G : | mm——— L: Pm
) -
P_](+) —
loe —] —] —]
Sine wave Filter Torque
Y YY" 1, Transducer
Voc J— (Y YY) Vi v [V M
Coc (Y YY) P Viw (
Lr M 2.2kW 11KW
(3hp) (15hp)
S N R
Ce
N L(-)
GaN 6-in-1 module, 600V

A Very Low Filter Volun@ompared to SGBT Drive Systerffs= 0.8kHz@ f;.C 3 k Hz )

ETH:zurich
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B 3-00 650VGaNInverter System {3) YASKAWA

y Transphornd50VNormallyOnGaNHEMT/30V $1OSFEJascodé-in-1 Power Module
Yy Sinewave LC Output FilterCorner Frequendy= 34kHA fs< 100kHz)
Yy No Freewheeling Diodes

500 —--—p-—---7-~~-~-q-~~-~~- [ r-—-—-n1
450 — — -

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@ fsC 3 k Hz )
A Lower Size of DC Input Capacit@b@b vs. IGBT) &3dB Audible Noise @ 6krpm

ETH:zurich
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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 Drivéeosse€® 60Hz

Transphorm GaN Module

Pin Po Pm 985 I ]
9 98%6A o :
' 97.5 T ; - t
loc — o—|E u—|[I f i
_.970 f i
Sine wave Filter Torque £ i 1
Y YY) el Transducer %"5'5 ] T
Voo _— Y YY) Voo Iy V. " Eeso { t
Coe L (Y YY) Py Viw E 95.5
Le — |y 2 3w 11RW g 25,0
4 1 1 (3hp) (15hp)  uss :
—] — — S ——— 900 —o—Si-IGBT
Cr ’ —8—Gal
N6 935
GaN 6-in-1 module, 600V 93.0 = ——— i
00 05 10 15 20

Output Power of Drive Po[kW]

Pin Po Pm 90.0
— 0

P__,[(+) 8OO/OA 800 }
IDC 700 1
_| _| _| Torque < |

@
a
=1

Transducer

4 4 4 (3hp) (15hp) S R E e e
N ‘(-) o t I | I t —#=—5i-IGBT =#=GaN

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

w
a
=

-
3
=

System Efficiency Pm/Pin[%]

w
&
=1

™
]
=)

"
1]
=1

]
o

0.0 02 04 0.6 08 10 12 14 16 18
Output Power of Motor Pm[kW]

A 2% Higher Efficiency @aNSystenDespite L&ilter (Saving in Motor Losses) !
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B 3-0 650VGaNInverter System (5) YASKAWA

Yy Sigma7F Servo Drivie Integration of Inverter (TE220GaN Into Motor Housing
Yy DistributedD@ i nk Sy st e nGerfefat€®O) v ert er »

y. 0.1 s 0. 4k W / 270 DG}JEkA/MtagN onmn TRADITIONAL SERVO .
DC Power Controller E{w?r_lealmje m [:\ f:l o |
Network = =
Corrnrnr e 1 _______ \
| p‘lo(ol |
| Cabl |
: . i 5"“’;] - MACHINE :
Controller 24sv :;;,;e, .ml.'
Inverter i []
Stage e
5 Small Size@.4 KW @70 x 70x 170mm) _ J i
0 Massive Saving in Cabling Effort / Simplified Installation '\ o ewsesrone o

ETH ziirich fes -
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¥ 2-Stage/FuliSinewave Qutput Filter (1) m

Vienna |Austria
Yy Sinewave Outp& IEC/EN 55011 Class H.Ertlet al.
Y LowLoss Active Damping of Eilter Stage! Neg. Cap. Current Feedback (2018)

Yy 2kW / 400V DLCink3-0 650VGaNnverter (1,=5A),f, max= 500Hz
Yy Sw. Frequencfs= 100kHz

Quter Di amet er OD=35
S=Single/DIwo StackedCores
SolidCoppetWire AWG 13é20
SendustMPP, HighFlux, etc.

= ; ] g (S571060
fo =7kHz TR .‘g,=d4.6g(\)/
! H ~ endust 60p
Active-Damped Filter ° AWGI5, N =39
GaN Power Stage \ p _ossf ey _ T s |
P |_] ,_] I_] 1 3-Phase Motor ] ! . g :
—|...| [T Ld Rd RM LM ’:é . ; 5 ¢ | °
L S 986} : -
= 1 —0 E ‘;’ r ’. 8 &
CDC — L2 _L “é’ .’..0 ‘ i v : : /
d o c; . C E , _ - 1
'i-l -p—l —|-1 Iy ZT 08.4 OD57D - |- OD5IS - OD40S -
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