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¥ Variahle sspeedDave (VSD)Systems

Yy Industry Automation / Robotics

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

y etc., etc. M. Everywhere !

Source:(-?ﬁ TESLA MOTORS

mic & == UL §Iiee
” ¢ X

s ——
|

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 [ $$$
A Inverter Output Filters (Add. Vol.J $$$

Source: FLUKE

m Drive and drive output Motor and drive train

0 High Performanc@ High Level of Complexity / High Costs (!)
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5 Future Reguwements (1)

Y °NeExpert» |-CosttMotors . / AL°0Sn -Imnvegers OR |l nt egr at
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 Volunué High Speed Motors
Yy Lower Cooling Requirement A Low Inverter Losses & Low HF Motor Losses

Yy High-Speedvachines A High Outpufrequencies

|

Source: Geoﬁﬁt

X 99

=

5 981 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/GanlPewer Semiconducto& Adv. 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
1010 N
1 :
FOM=—— :
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102
Rated Voltage - Vismax (V)

A Challenges in Packaging / Thermal Management / Gate Drive / PCB Layout
A Extremely High Sw. Spegati/dt) A Motorinsul. Stress / Reflections / Bearir@urr / EMI
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B Siws.SIC
Yy SHIGBT Diode A TurnOffTail Current& Diode Reverse RecovEwyrrent
y SIGMOSFET A Massive Loss Reduction @ Part Load Bigher R
6x SHGBT 6X SIEMOSFET
i 6x StDiode ¢ ] | ]
KEoKE KE E &
Vie = Z Vi e :
KE O kF o KH -
9.5mnx 10.4mm 4.0mm X 6.4mm
2x 3.4mnx 5.8 Diode 37%
(Zi(OO%r)nm( e 'B‘ % (57%)
1200V 10A 1200V 10QA
Die Size98.8mn¥ + 39.4mn¥ Die Size:25.6mn?
A Space Saving 0#30%on Module Level (1)
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B Siws.SIC

y SHGBT dv/ dt = 2pvertekfor Yan Speed DrivesEC 6180)
y SIGMOSFE®S 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 |
<C <C 50 A/ns
£ 600f £ 600
;; 400 | > 400 |
= 00! > 200} 33 V/ns
0 ot "
0 200 400 600 800 1000 0 200 400 600 800 1000 o
t in ns t in ns ‘
E = 45900 p -> 8 kV/ps at 400V Eoq= 4672 W -> 44 kV/ps at 400 V

A Extremely High ddt A Motorinsul. Stress / Reflections / Bearir@urr / EMI
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B SICs&ysteny inPackage

Yy IntegratedSiCSwitching Cell  Bridge Leg Intellig. Gate Drivers (Bootstrap HS Supply)
y 1200V/ 35mm, 31mm x 29.5nm

= P e
ll\ili:ili:ﬁ\:kmlx | R

: DC
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! |
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A Extremely High ddt A Motorinsul. Stress / Reflections / Bearir@urr / EMI
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GaM'SiC
—— VSD'Application ——
Challenges
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5 PDMotor InsulationsDestiteiions(1)

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:éz €10
2 E U, Source:
0 Kaufholdt al.
2000
Insulation 100 | |
Y Inve':ter Mo.tor Voltages " - n-gnte:%ureql curve for a 4-kW-motor

(a) L!neto_LIne = s Wi CCIIS In seres

(b) Lineto-Earth =

(c) Across First Caoll s oM™

£ 60 =
UL m——l— AU CBL 40
U Ocel N~ Ugp s g |
*y \ AU |LE ‘\\ T 5|
o —bd— K LB Y 0 e %, 20
t IJ’ \ t kL z 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 ParametershA, Temp/ Humidity / Pressuré Insul. Thick/ Type /Wire Diameter etc.
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¥ PDMotor Insulation/Bestrttion2(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 T 7] NEMAM®art 31- 400\& 600V
= L e JEEREEEREE SELEEIES IEC 60034-25 By |EC 600347 - Cage Induction Motors
Z s o - - 1 IEC 600325- 500(A) &690V(B)
i — . R T A o NEMA‘ M:Gl 31 600V- IEC 600327 - PDMeasurements
o ‘ — — ]
© L B i

1 - —
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L — —— ——— e _ [
- =TT NEMA MG131 400V
=]
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0'5 | N 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)

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

O« Ox¢
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5 SungeoltagedReflections

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

Yy Long Motor CableO%: t v

1.8 F
7 2 1.6
B 1.4
g 18 12
< 1+
=
(=]
> 1.6 0.8
—lfd ‘ 0.6
o I 0.4
A1t ‘
. 0.2
% 0 i aoviu [
= 12} 02 A’ DC
04 X MG max
1 - 1 -0.6 L | )
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 VolkaddotorShaft Voltage
Yy ElectricalDischarge ithe Bearing © ED M» )

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

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

f< 10kHz & 5 kV/us for (Si IGBT)
f= 100kHz & 50 kV/us foB{CMOSFET) -
Ve = 800V n. 3
D&/DC @D= 50% @ fo =
g
I 1, 2
' ' 2fu  E
T Voo T Vm@ %f -
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
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% DM RONLEonducieddRadiated EM|

y" DM Conducted EMI Pathwav

Frequency converter
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0 EMI Standards (Cond. & Rad) Shielded Motor Cablé3R FulSinewave Filtering
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3-00 PulseWidth Modulated
Inverter Basics
Motor Current Control

—— DM/CM Equivalent Circut——-
CM/DM Filtering
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5 Impression of Sinusaidalooetorurrent

y" PulseWidth Modulation of Inverter Output Voltage

1170
©©@ Q¥

I
|in
jone

:ﬂ_* Jﬁ_* Jiﬂ_* Motor

0 Difference of Inverter Voltage,
and Inner Motor Voltage.
Defines Phase Curreit

t - time (ms)
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¥ EguivalentCirouit (1)
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Yy InactiveCM Zero Sequence Volt
y LowFrequ & Sw-Frequ Components
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5 Equivdtent(Ciouit{3)

Yy Sw:Frequ Active / DM Voltage

Yy Sw:FrequInactive / CM Voltage i ,Hll;w”m”mlu
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5 DM/ GMiEiltening

y DM & CM Equivalent Circuit

Wﬁ ) Co ock
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Inverter Qutput-Filters

dv/dt-Filters
—— Motor Cable Termination——
Staggered Switching
Active CNFiltering
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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

p

* ]Elj Jg:t E} £ & 1
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n

y' Termination of Cable with Characteristic Impeda&bBamping

p
o

| s e s
k¥ B B3 i)

0 Limited Applicability@ High Output / Sw. Frequencies (Los#gspinewave Filter
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5 Activedv/dt-Filtering

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

Voltage [V]

%k % % LT

S0
7
~

Vohiage [V]

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. ParallBridgeLegs”A NonResonant MukbtepTransistion

v, fo
] sk I —
w | SESPERERE [ —
' v E'_l - i Ve i ! ‘:ZTD
CDC== ’ V .- .::j_%[_q B : : 4
T -y, w2
— — — — ' Vout - —;—E—i—D‘ t
JaE 0% J:P J:P VL Ve
Yy 2-Step Switching / Resonant Transiti@h. Active dv/dtFilter)
o TD = ﬁ(LrCr)”‘s
Voe oJElj Jé Sa T ‘ : t
L v, g—l i | o . Sh‘I % :'_ t
Coc Vb'_-._lv““’ L * i /_ VDC
JE} JE} C’T Vout 3 VmuJ"" ! |
o ‘ = ; t

0 Adv. for High PowérOutputCurr Syst. Employing ParallBridgeLegs& Local Comm. Cap.
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5 Compatisonfalv/dt-Filtering Teechhigues (1)

Yy Active Concepts y' Passive Concepts y" Hybrid Concepts
1. Miller Capacitor 1. LCHrilter 1. LCFilter
2. GateCurr Control 2. Clamped LBilter 2. Multi-Step Switching
+ +
o ° L_Lj_
BT, J%} . T, B3
Vbe | I Voe L a a: Voe W la ‘i}.,*
CM—L_'—l vla vl’a C ‘L % vzll* = vla C _L VL*
:13+ J%:*; R-o_ EN SZEY T |
y Output Voltage Waveforms/,= 800V, B, = 10kW L = 6.2uH
C=13nF
Voe + ,—JVT Vbe
)_\ iy iy 7% i,
ov / s \ ov 0A
Time ¢ G,= 100pF Time ¢ |(_:: ?_88%2 Time ¢
R= 287
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5 Compatisonfalv/dt-Filtering Teechhigues?(2)

Yy Active Concepts y' Passive Concepts y" Hybrid Concepts
1. Miller Capacitor 1. LCHrilter 1. LCFilter
2. GateCurr Control 2. Clamped LBilter 2. Multi-Step Switching

+

%} i %f L i

VDC ———o ao* DC _L
Cu L vla J VI vkll* J v!a C V.
:tj t # R : ' t T
l o o . .

Yy Losses Vo= 800V, R = 10kWf,, = 20kHz, 12008IGMOSFETEMwW)
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100%
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2
=
M 98% l 71 | 1 1
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Peak Phase Current i, Peak Phase Current i, Peak Phase Current i,
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¥ Active @\M)oltage/Filtefs) (1)

Yy Series CompensatiohCMVoltage & DM dv/dFiltering
Ty
U LI; :OT _ = Zb:
o c 1 =E Ec’| ” ]

- - W C'-J_J__L — f@
=l aE 4% 0% é @ ﬁ
o1

Yy Aux.BridgeLegA Zero CWoltage for Active Inv. Sw. Staté&s DM dwdt-Filtering
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0 ResidualCMVolt. Due toCMTransf & Sw. Imperfections / Complexity\Missing Zero State
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§ Active @MNoltage!Filtefs) (2)

Yy Series CompensatiohCMVoltage & DM dv/dFiltering
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0 ResidualCMVolt. Due toCMTransf & Sw. Imperfections / Complexity\Missing Zero State
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verter Systemwith
Inewave Output Filters

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