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Outline

3 Introduction
SiICGaNVSD ApPIicatio@haIIenges

3 Adv. PWM Inverter Topologies
Adv. PWM Rectifier Topologies

3 Conclusions

4O MINUTES
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3-0 Variable Speed/Drive
Inverter Systems

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

Yy Industry Automation / Robotics

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

y" Transportation

y etC, etc. “ . E ver y W h er e I Sourceit-fﬁ-rssmnomns

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 / Motot  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 Performance @ High Level of Complexity / High Costs (!)
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5 Future Reguwements (1)

Yy ° NeEkpert » |-GestMotbrs . / AL°0Shi-hogerter »
Yy Wide Applicability Wide Voltage & Speed Ramnje Matching of Supply & Motor Voltage
Yy High Availability

Voltage Stress
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5 Future iReguirements (2)

Yy Red. Inverter Volume / Weight A Matching of Low HigBpeed Motor Volume
y" Lower Cooling Requirement A Low Inverter Losses & HF Motor Losses

Yy High Speed Machines A High Output Frequency Range

|

Source: Geoﬁﬁt
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A Mai n ° Eh a3d/GanlPewer Semiconducto& Adv. Inverter Topologies
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Enabling'TechnologiesCGhallenges

WBG Semiconductors
—— Advanced Inverter Topologies——
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5 Si@GaN

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

[ —
FOM=— 1 :

10° :

AR

g e GaN| $ S
10" e sic e 4
e Si i

r 3 I
107 - !
10°

Rated Voltage - Vismax (V)

A Challenges in Packaging / Thermal Management / Gate Drive / PCB Layout
A Extremely High Sw. Speed (dv/dd Motor Isol. Stress / Reflections / Bearing Curr. / EMI

. POWER
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B Siws.SIC

Yy SHGBT A dv/ dt = 2pvertekifor Van Speed DriveSEC 618043)
y SiC A dv/dt = 20u60 kV/us
Si-IGBT / Hybrid-Pack 2 SiC-MOSFET / (scaled for low inductance)
Turn-off @ TJ = 25°C Turn-off @ TJ = 25°C
1000 1000 — _ : . .
25 nH 16 par. Chips
800 . 800 6nH 1
< < 50 A/ns
£ 600 £ 800
;-; 400 | > 400 |
> 200 = 200 T 33 V/ns
0 oF e
0 200 400 600 800 1000 0 200 400 600 800 1000
t inns t in ns
E o = 45900 -> 8 kV/us at 400V Eo=4672 W -> 44 kV/us at 400 V

A Extremely High dv/dtA Motor Isol. Stress / Reflections / Bearing Curr. / EMI

. POWER
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— dv/dt - Challenges —
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5 Motor InsulationsBestiticiion

y Partial Discharge Due to Insul. Imperfectigtmisation & Transienpace Charge Distrib.)
Yy Partial Dischargénception Voltage (PDIV) Dependent on dv/dt

2v5 T T T T T T T T T T T T T T T T T T T T T T T
— IEC 60034- 25 B
z .......................................
- NEMA MC1 31 600V]
Basic design of a e insulation & [ e
s e o | IEC 6003425 A
. < IEC 60034- 17
Insulation €t g Ko T o | e e L i ]
: . NEMA MGl 31 400V
g ‘
L e T S A
S U

0 0.2 0.4 0.6 0.8 1 1.2
Voltage Pulse Rise Time (us)

dv/dt-Limits Specified by Standards
A dv/dt-Filtering or Full Sinewave Filtering
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5 SungeoltagedRetlections

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

Yy Long Motor CableO%: t v

Motor Peak Voltage (p.u.)

108

10!
Cable Length (m)

0.6

-0.6
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=15 -y
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‘ X UeGm
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time in ns

A dv/dt-Filtering or Full Sinewave Filtering / Termination & Matching Networks etc.

ETH:zurich

POWER
ELECTRONICSUK —
Underpinning Research



=IC I Power Electronic Systems 10/61 ——
I = Laboratory

5 Mator Bearng Curnents

y' Switching Frequency CM Inverter Output VolkaddotorShaft Voltage
y ElectricaDi scharge in Bearing (°EDM»)
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A Cond. Grease / Ceram. Bearin@haft Grndg Brushes / dv/dtOR Sine Wave Filters
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B SiCvs. Siinverter EMiIpSpectrum

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
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Higher Influence ofilter Component Parasitics and Couplings
A dv/dt-Filtering or Full Sinewave Filteringhielded Motor Cables
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5 DM&@NvCondecteddiRaediated EMI

y" DM Conducted EMI Pathwav N
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0 EMI Standards (Cond. & Rady) Shielded Motor Cablé€3R Full Sinewave Filtering
POWER

ELECTRONICSUK —

m z ur I'Ch Underpinning Research




S1C I Power Electronic Systems
Laboratory

5 3-00 DMVOM: EMIdMeasureméregodseparation

EMI Measureme@ Inverter Output

13/61 ——

y" DM/CM Splitting for Specific Filter Design Ry
a g Rmpq R Al R
v Jout,a
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Inverter Qutput-Filters

dv/dt-Filters
—— Motor Cable Termination——
Staggered Switching
Active CM Filtering
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5 Passive/dddt-Filter & Cdblerdermination

y fc.>1sA Reduction of High dv/dt of Inverter Output Voltage3op 5 k V/ u's
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0 Limited Applicability@ High Output / Sw. Frequencies (Los#gsfull Sinewave Filter
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5 Activedv/dt-Filtering

y  Active Control of the dv/dFilter Transient Behavidy 2-Step Transition
Yy Influence of Motor Curredt Adaption of Sw. Scheme
y* DG Connection Optional

Voltage [V]

%k % % LT

300+

S0

Vohiage [V]
M oW B
o £
= =

0 Ideally No Damping Resistors
0 Increase of Sw. Lossé&s Low Sw. Frequ. OR High Sw. Speed Semiconductors
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5 StaggetrediResaonanuSwitehing

Yy Staggered Sw. Parallel Bridge LégdNonResonant MukBtep Transistion

| R S t
. =1"_. . v EEZTD
s R i

Yy 2-Step Switching / Resonant Transiti@h. Activedv/dt-Filter)
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0 Adv. for High PowérOutput Curr. Syst. Employing Parallel Bridge Legs & Local Comm. Cap.
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5 Active @M Voltage!/feitters

Yy Series CompensatiohCM Voltage & DM dwHitering

©

L o i s
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y' Aux. Bridge Le§ Zero CM Voltage for Active Inv. Sw. St&e®M dv/dtFiltering
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0 Residual CM Voltagrie to Transf. & Sw. Imperfections / Complexigfigsing Zero State
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Inverter Qutput Filters

—— Sinewave Filters ——
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B °SingbormerOu@ua tilprut  Fi1 | t er

y f.<<f DM and CM (!) Output Filter Stage Sin. Output Voltage / No Sw. Frequ. CM Voltage
Yy NoShielded Motor Cabl&equired
Y Reduction of MairSide EMI

£TDK
Frequency converter
Power Rectifier o Converter
line DC I|£|ﬂ:uﬁ Motor
: v B —
4 iter Dl = - SineFormer
_|_—T Motor cable
U1 -‘J:‘il-—_ " o PN = 1T = 7N = |
V1 -o—-—ﬁ :, o V2
i
w1 -!—:—_ El ['] i . I j___ I o W2
@ ot L] 2 T T T
Lo o @
2 Phase current mmmm Asymmetric current

= Phase to phase voltage

0 Large Weight & Volum8 C2 Kk \B&E d mp 8 7&K Hzpy 1 0 Hz)
0 Filter Cap. Starpoint Connected to PE Ne{Bllows Retrofitting)
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5 Full SmewavéiFiternin@ 2\63TCM @peration

Yy ZVS of Inverter Bridge Le@d¢o Use othe Intrinsic Diodesf Si MOSFETS)
y" High Sw. Frequency & T&M_ow Filter Inductor Volume

NS
-Control A - -
'I:D PCIM'88 - -
High (POWER CONVERSION) W
-0f fset B AND)] Side =
} Driver CONFERENCE hd
F-- DECEMBER 810, 1988
E Y TOKYO, JAPAN
Low
C Side
+0ffset } @ Driver
Comparators NFO
Sinus

A A 1 [
il [T
w
e

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

1 ST 3 ML I
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5 Full SmewaveiFiternin@ CGM Lperatiai (1)

y DCRef. LeFilter A Max. Ind. Current Ripple @ d=0.5
y DCCMM Max. Dffset M Shifting Phase Voltages Towards d=0 OR d=1
y GTHM! Max. 3 Harm. Mfor Red. of Sw. Frequ. Harmonic Power

y DCCMM Yy GTHM
\ \ /, 1 W | M—0.0
:@‘ 7 My=04
3 (4

M - W d,0

| s My=-0.4

P C/2
L% o g L1 o~

r ] . [ - | | ,

i
0 T/ Tj2 3L/ T 0 T,/4 T2 3T T
Time Time

0 GTHM Results in Add. Cap. Reactive Pdyeinmited for Higher Frequencies
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5 Full SmewaveiFiternin@ CGM Lperatiqid (2)

Yy Massive Red. of Current Ripple @ Lower Modulation Index
y DCCMM Adv . for M Opnuo. 5
y GTHM* Adv. f or M O.5u1.0

1
po Aheus | O~ standard SM
AIRIVIS,H&X
o
L3 ks s 0L L i
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Vi ()"FI ¢ b l =L -.'
& :
EN Y3 |
_ Mot 5
?n—l_ 1 1T oo '..,-" ==Experimental
0 l | | Theoretical
0 02 04 06 08 1 1.15
Ml

0 GTHM Results in Add. Cap. Reactive Pdyeinmited for Higher Frequencies

ETHz(irich POWER

Underpinning Research




S1C I Power Electronic Systems
I = Laboratory

Buck+Boodinverter

Z-Source Inverter etc.
VSI & DC/DC FreBnhd
DoubleBridge VSI
—— PhaseModular Buck+Boost Inverter———
CSI & DC/DC Fremand
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5 Y00tde-the-BdeéxXopolodieco p ol o g |

Yy Z-Source Invertep, ShootThrough States Utilized for Boost Functio
Yy Higher Component Strdsf. Limits Boost Operation©1 2 0,% U

&?\/C P

ir ob
Lx #5353

n

p I_
PO i 5
.

+

y' 3-0 BackEnd DC/ACukConverter

c B3 B3 3

- _' = al

s i g

o | o B33 ED
l

oO——mm- II
n

.
Ll

+

0 IntegrationTyp. Results iHigher Comp. Stresse€Complexity / Lower Performance
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5 Boost@onverter(Bnk NoltagelAdaption

Yy Inverterintegr. DC/DC Boost CoAy.Higher D&.ink Voltage Lower Motor Current
Yy Access to Motor Star Point & Specific Motor Design Required

Yy No Add. Components
F3 B3 B3

b L
c

i b % 103

Yy Explicit FrodEndDC/DC Boost Stage

TUINKING T JETE JETE Jgj

~ ' /_INSIDE \_ o
A T R H
Jo% % 53

A Analyze Coupling of the Control of Both Converter SlpgeSy ner get i ¢ Contr

ETHz(irich POWER

Underpinning Research



=IC I~ Power Electronic Systems 24/61 ——
I = Laboratory

5 FrontEBEnd/DQCIDEoBaastConverter

Yy °Syner get @dHiglCutput Vottdge
Yy 2 (!) Inverter Phases Clampéd Low Switching Losses / High Efficiency
y  Conv. PWM InverteClamped BoostageOperation@ Low Output Voltage

oHE T 0 W

1
0
ML ol e v
fon ¥ ao0v : i
1 U, | |
0 o : !
o W, 120 0 : |
o _— = | -
+ » o xR S — —
1 o ; |
ob B - ] *
v

L gy o —
| el W or s e

° \ Boost Converter Inverter oA
0 Preferable for Low Dynamics Drive Systems
ETHziirich POWER _
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% DoutileBridge Iinverter((1)

y  Alternative to FrorEnd DC/DC Convertgr Eff. Doubles DOnk Voltage
y 2" BridgeSwitching with Output FrequA °© U n f oQpdration»

Yy Avoids Volume and Losses of Boost S#agé&ff. SingleStage Conversion
Yy Only Three Inductive Components

Jo% f3 3

L
.

oa
ob

|
1 1 ’
| Er A

EFETER

|ll,-\j|q- *J'Ti.nq- *rtju- *

— 'EEII I
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[ e N3~/ o] |
|| TR RT3

0 Requires Open Winding Mo&rHigher Number of Gate Drives

ETH:zurich
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5 DaulileBridge Iinverter((2)

Yy Hardware Demonstrator

U= 40V

P =1.0kwW

fs = 350kHz (200V EPC GaN, 2 per Switch)
fo = 5kHz

Voltage (V)

Voltages Phase a .
LoadCurrents

ent (A)

Curr

e l 1 | il |
I

o 0 2 4 6 8 10 12 14 16 18 20
Time (ms)

0 Requires Open Winding Mo&rHigher Number of Gate Drives

ETHz(irich POWER
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5 DaulileBridge Iinverter((3)

y' Hardware Demonstrator

U-= 40V .
PF ~ 1 OkW 240 W/ir?
fs = 350kHz (200V EPC GaN, 2 per Switch)

fo = 5kHz

08~
FB VSI\ M
——
EdER e L e
_p“,% i | “bm b}l f
le. 3"" ¢ | 05
I_ qujl‘ﬁﬂIi'J:E- IJH_*TJH}TJ"ii Specification
© !HU 2(IJ(J 4[I)U (il‘)U Sl‘lU ld()[)
Power (W)
0 Requires Open Winding Mo&rHigher Number of Gate Drives
ETHziirich POWER _
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PhaseModular Topologies

Boost+Buck Modules

Buck+Boost Modules
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5 GenenakRemasrks

Yy UsuallyDC Link Voltage Midpoi@onsidered aSC Output Ref. Point
Yy Open Machine Starpoi§ IntroduceCM Voltage Shig Neg. DC Rail as Reference

NEW POLYPHASE AMPLIFIER

1 .
DC CONVERTER |

INPUY’@‘— P—
=+

; -
DC CONVERTER
1| e s
Vq I _j__
= 3
DC CONVERTER
WPUTO;:D—' p——t
b
A
Fig. 7. ;J_ﬂ thne'e-_pha;éoﬁ:%tshé:g amplidien. Fig. 8. - \(’g) Lég—;g;gmuzg g;d{ii}ﬂﬁine-to;une
ee bidine c-dc conventers, £iag erated- thre
with thein own modulatons, driven by a phase power ampiifien. The de component
set of three-phase sine waves, consiitute . 0f the Line-to-gnound voliages _
three phase voltages around the automalically disappears in Line-to-Line
differential Load. vofiages which are pure ac,

A Realization of3-0 InverterUsing3 DC/DC Converter (Phase) Modbl& Cuk/1982
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B PhaseModularBoost+Buck Buck+Boodinverter

Yy Wide Voltage Conv. Rangge Battery or FuelCell Supply & Adaption to Motor Voltage
Yy~ Continuous Output Voltade Explicit/ Integr. LC Output Filter
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ThreePhase Continuous Output / Low EMI !
Buck+Boost Operation / Wide Input &/or Output Range
Standard Bridge Legs / Building Blocks

ZV'S Operation / Extreme Power Density
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w
B Y-Inverter (1)

6 Operating Behavior
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w
B Y-Inverter (2)

6 Modulation Scheme

A VariableOutput Voltage DC Offset for Low Mod. Index
OR Phase Clamping as Alternative Concepts

Voltage Stress Red_uction

A~ Voltage Stress Reduction
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B Y-Inverter (3)

6 Control Structure

A Seamless Transition Between Buck & Boost Operation
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