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Outline
Ʒ Introduction

Ʒ SiC/ GaNApplication Challenges
Ʒ Inverters with Output Filters
Ʒ Double-Bridge VSI Topologies

Coffee Break     10:30 ̧10:45 

Ʒ Buck+BoostVSI & CSI Topologies/Control
Ʒ Quasi-Multi-Level & Modular Inverters
Ʒ Adv. PWM Rectifier Topologies

Ʒ Conclusions
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State-of-the-Art
Future Requirements

3-ūVariable Speed Drive 
Inverter Systems



Ʒ Applications of Drive Systems  
ƴ Industry Automation / Robotics
ƴMaterial Machining / Processing ̧Drilling, Milling, etc. 
ƴPumps / Fans / Compressors
ƴTransportation
ƴetc., etc.                                    µ. Everywhere ! Source:

ǒ60% of  El. Energy Used in Industry Consumed by VSDs 
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Ʒ VSD State-of-the-Art

ǒ High Performance @ High Level of Complexity / High Costs (!)  
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ƴ Mains Interface / 3-ūPWM Inverter / Cable / Motor  ¹ All Separated 
Ą Large Installation Space                  / $$$
Ą Complicated / Expert Installation   / $$$

Source: ABB

Source:  FLUKE

ƴ Conducted EMI / Radiated EMI / Bearing Currents / Reflections on Long Motor Cables
Ą Shielded Motor Cables                      / $$$
Ą Inverter Output Filters (Add. Vol.) / $$$



ƴ ºNon-Expert» Install. / Low-Cost Motors Ą ºSinus-Inverter» OR  Integrated Inv.
ƴ Wide Applicability / Wide Voltage & Speed Range  Ą Matching of Supply & Motor Voltage
ƴ High Availability

ǒ Single-Stage Energy Conversion  Ą No Add. Converter for Voltage Adaption
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Source: magazine.fev.com

Ʒ Future Requirements (1) 



Ʒ Future Requirements (2)  
ƴ Red. Inverter Volume / Weight       Ą Matching of Low Volume of High-Speed Motors
ƴ Lower Cooling Requirement            Ą Low Inverter Losses  &  Low HF Motor Losses
ƴ High-Speed Machines Ą High Output Frequencies

Ą Main ºEnablers»  ¹ SiC/GaN Power Semiconductors  & Adv. Inverter Topologies 
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Source:



WBG Semiconductors
Advanced Inverter Topologies

Enabling Technologies & Challenges



Ʒ SiC/ GaN

Ą Challenges in Packaging / Thermal Management / Gate Drive / PCB Layout
Ą Extremely High Sw. Speed (dv/dt) Ą Motor Insul. Stress / Reflections / Bearing Curr. / EMI  

ƴ Very Low On-State Resistance   Ą Low (Partial Load) Conduction Losses 
ƴ Very Low Switching Losses  Ą High Switching Frequencies
ƴ Small Chip Area      Ą Compact Realization  
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Ʒ Si vs. SiC

Ą Extremely High dv/dt Ą Motor Insul. Stress / Reflections / Bearing Curr. / EMI  

ƴ Si-IGBT      Ą dv/dt = 2µ6 kV/us   (Inverter for Var. Speed Drives / IEC 61800-3) 
ƴ SiC-MOSFETs  Ą dv/dt = 20µ60 kV/us

Source:  M. Bakran/ ECPE 2019



GaN/ SiC
VSD Application 

Challenges

Idea: F.C. Lee



ƴ High dv/dt Ą Uneven Wdg. Voltage Distribution / Reflections ¹High Voltage Peaks 
ƴ Voltage Peaks    Ą Local Insul. Breakdown e.g. in Air-Filled Voids = Partial Discharge (PD)
ƴ PD                      Ą Grad. Destroys Insul. (Impinging Electrons, Ozone Chem. Attack)

ǒ Preventing PD        Ą Ampl. of Voltage Peaks  <  PD Inception Voltage (PDIV)
ǒ PDIV Parameters   Ą Temp. / Humidity / Pressure / Insul. Thick. / Type / Wire Diameter etc.

Source:  
Kaufholdet al. 

2000

Source:  Bakran/ ECPE 2019

Ʒ PD Motor Insulation Destruction (1)
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Inverter Motor Voltages
(a) Line-to-Line
(b) Line-to-Earth
(c) Across First Coil    



10kV/us

ǒEnsuring the Limits  Ą dv/dt-Filtering  OR  Full-Sinewave Filtering  
ǒRelevance of dv/dt-Limits, e.g. for Single-Tooth Windings Under Discussion

ƴdv/dt-Limits Specified by Standards

ƴNational Electrical Manufact. Association (NEMA, Motors Manufact. in USA)
ƴ Intern. Electrotechn. Commission (IEC)

IEC 60034-17 - Cage Induction Motors
IEC 60034-25 - 500V (A) & 690V (B)
IEC 60034-27 - PD Measurements
µ

NEMA MG1 Part 31  - 400V & 600V
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Ʒ PD Motor Insulation Destruction (2)



Ʒ Surge Voltage Reflections
ƴ Short Rise Time of Inverter Output Voltage   
ƴ Impedance Mismatch of Cable & Motor  Ą Reflect. @ Motor Terminals / High Insul. Stress
ƴ Long Motor Cable lcÓ ½ t r v

Source:  Bakran/ ECPE 2019

Ą dv/dt-Filtering  OR  Sinewave Filtering / Termination & Matching Networks etc. 
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ƴ Switching Frequency CM Inverter Output Voltage ĄMotor Shaft Voltage
ƴ Electrical Discharge in the Bearing (ºEDM»)

Ą Cond. Grease / Ceram. Bearings/ Shaft GrndgBrushes / dv/dt- OR  Full-Sinewave Filters

Source: 
Switchcraft

Source: 
BOSCH

ƷMotor Bearing Currents

Source: www.est-aegis.com
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Ʒ SiCvs. Si Inverter EMI Spectrum 
ƴ SiC Enables Higher dv/dt Ą Factor 10
ƴ SiC Enables Higher Switching Frequencies    Ą Factor 10   
ƴ EMI  Envelope Shifted to Higher Frequencies  

Ą Higher Influence of Filter Component Parasiticsand Couplings
Ą dv/dt-Filtering  OR Full Sinewave Filtering, Shielded Motor Cables

fS= 10kHz    &    5 kV/us for (Si IGBT)
fS= 100kHz  &  50 kV/us for (SiCMOSFET)

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

Source/Idea: M. Schutten/ GE
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ǒEMI Standards (Cond. & Rad.)  Ą Shielded Motor Cables  OR  Full-Sinewave Filtering   

Ʒ DM & CM Conducted / Radiated EMI  
ƴ DM Conducted EMI Pathway

Source:  J. Luszcz / WILEY 2018

ƴ CM Conducted EMI Pathway (Motor Side) Source:  J. Luszcz / WILEY 2018
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dv/dt-Filters
Motor Cable Termination

Staggered Switching
Active CM-Filtering

Inverter Output Filters



Ʒ Passive dv/dt-Filter & Cable Termination

ǒ Limited Applicability @ High Output / Sw. Frequencies (Losses) Ą Sinewave Filter 

ƴ fC> fSĄ Reduction of High dv/dt of Inverter Output Voltage to  3µ5kV/us

ƴ Termination of Cable with Characteristic Impedance & Damping
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Ʒ Activedv/dt-Filtering 

ǒ Ideally No Damping Resistors 
ǒ Increase of Sw. Losses  Ą Low Sw. Frequ.   OR    High Sw. Speed Semiconductors 

ƴ Active Control of the dv/dt-Filter Transient Behavior Ą 2-Step Transition
ƴ Influence of Motor Current Ą Adaption of Sw. Scheme
ƴ Connection to DC- Optional

Ʒ

Source: PhD Thesis, J.P. Ström
LappeenrantaUniv., 2009 / VACON 
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Ʒ Staggered/Resonant Switching 

ǒAdv. for High Power / Output Curr. Syst. Employing Parallel Bridge-Legs & Local Comm. Cap.  

ƴ 2-Step Switching / Resonant Transition (cf. Active dv/dt-Filter)

ƴ Staggered Sw. Parallel Bridge-Legs Ą Non-Resonant Multi-Step Transistion

Source: J. Ertl et al.
PCIM Europe 2017

Source: J. Ertl et al.
PCIM Europe 2018
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Ʒ



Ʒ Active CM Voltage Filters 

ǒResidual CM-Volt. Due to CM-Transf. & Sw. Imperfections / Complexity & Missing Zero State 

ƴ Series Compensation of CM-Voltage  &  DM dv/dt-Filtering 

ƴ Aux. Bridge-Leg Ą Zero CM-Voltage for Active Inv. Sw. States  &  DM dv/dt-Filtering 

Source: X. Chen et al., 2007

Source: T.A. Lipoet al., 1999 
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Ʒ Active CM Voltage Filters 

Source: X. Chen et al., 2007

Source: T.A. Lipoet al., 1999 

ƴ Series Compensation of CM-Voltage  &  DM dv/dt-Filtering 

ƴ Aux. Bridge-Leg Ą Zero CM-Voltage for Active Inv. Sw. States  &  DM dv/dt-Filtering 
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ǒResidual CM-Volt. Due to CM-Transf. & Sw. Imperfections / Complexity & Missing Zero State 



Filter Topology
TCM Inverter Operation

GaN vs. Si VSD Performance 
Output Filter Control

Adv. Modulation

Inverter Systems with
Full-Sinewave Output Filters



ƷºSineFormer» Output Filter 

ǒLarge Weight & Volume  Ą Ć2 kVA/dm3 ( fS= 4µ8 kHz, fO= 0µ100 Hz)
ǒFilter Cap. StarpointConnected to PE Not to DC- (Allows Retrofitting) 

ƴ fC<< fS DM and CM (!) Output Filter Stage Ą Sin. Output Voltage / No Sw. Frequ. CM Voltage
ƴ No Shielded Motor CablesRequired
ƴ Reduction of Mains-Side EMI

Source:

ƶ
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Full-Sinewave Filtering 



Ʒ Full-Sinewave Filtering @ ZVS/TCM Operation 

ǒWidely Varying Switching Frequency Ą Voltage Headroom and/or Multiple Bridge-Legs
ǒRel. High Current Stress on the Power Transistors

ƴ ZVS of Inverter Bridge-Legs (No Use of the Intrinsic Diodes of Si MOSFETs)
ƴ High Sw. Frequency & TCM Ą Low Filter Inductor Volume 

Source: Joensson

Source:  

1988!
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Full-Sinewave Filtering 



ǒFactor 10 Lower On/Off Delay & Sw. Times Comp. to IGBTs
ǒExtremely Low Sw. Losses  Ą Inverter Sw. Frequency  fS= 100kHz

ƴ Transphorm 650V GaN HEMT/30V Si-MOSFET Cascode Switching Devices 
ƴ Measurement of Sw. Properties  Ą Turn-On/Off  10A/400V

Ʒ 3-ū650V GaNInverter System (1) Source: 
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Ʒ 3-ū650V GaNInverter System (2) 

Ą Very Low Filter Volume Compared to Si-IGBT Drive Systems ( fC= 0.8kHz @ fS Ć 3kHz)

Source: 

ƴ Transphorm650V Normally-On GaNHEMT/30V Si-MOSFET Cascode6-in-1 Power Module
ƴ Sinewave LC Output Filter ¹Corner Frequency  fC= 34kHz ( fS= 100kHz)
ƴ NoFreewheelingDiodes

600V/14A  
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s
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Source: Ʒ 3-ū650V GaNInverter System (3) 

Ą Very Low Filter Volume Compared to Si-IGBT Drive Systems ( fC= 0.8kHz @ fSĆ 3kHz)
Ą Lower Size of  DC Input Capacitor (-75% vs. IGBT)  &  -8dB Audible Noise @ 6krpm

LF=220uH Iron 
Powder Core Filter 
Inductors, 
CF=0.1uF

fC Ć 1/5 fS

Ą
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ƴ Transphorm650V Normally-On GaNHEMT/30V Si-MOSFET Cascode6-in-1 Power Module
ƴ Sinewave LC Output Filter ¹Corner Frequency  fC= 34kHz ( fS= 100kHz)
ƴ No Freewheeling Diodes 

GaN
IGBT



Ą 2% Higher Efficiency of GaNSystem Despite LC-Filter (Saving in Motor Losses) !  

ƴ Comparison of GaNInverter with LC-Filter to Si-IGBT System (No Filter, fS=15kHz)
ƴ Measurement of Inverter Stage &  Overall Drive Losses@ 60Hz

Ʒ 3-ū650V GaNInverter System (4) Source: 
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98% Ą

80% Ą



ǒSmall Size (0.4 kW  @ 70 x 70x 170mm)
ǒMassive Saving in Cabling Effort / Simplified Installation  

Ʒ 3-ū650V GaNInverter System (5) Source: 

ƴ Sigma-7F Servo Drive ¹ Integration of Inverter (TO-220 GaN) Into Motor Housing
ƴ Distributed DC-Link System (ºConverter» Generates DC)  
ƴ 0.1 ̧ 0.4kW  / 270µ324V Nominal DC-Link Voltage

Inverter
Stage

DC Power

Network
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https://powerpulse.net/wp-content/uploads/2017/09/GaN-FETs-enable-Reimagining-Servos-through-Redesigned-Power-Electronics-diagram.jpg
https://powerpulse.net/wp-content/uploads/2017/09/GaN-FETs-enable-Reimagining-Servos-through-Redesigned-Power-Electronics-diagram.jpg


Full-Sinewave Filtering 



Ʒ 2-Stage Full-Sinewave Output Filter (1)  

Ą Evaluation of Optimized Inductors  ¹ Soft Sat. Toroidal Iron Powder Cores
Ą L1=200uH (OD57S) / C1=2.5uF / L2=25uH (OD20S) / C2=2.5uF / Ld=33uH / Rd=5.6ɋ

ƴ Sinewave Output &  IEC/EN 55011 Class-A 
ƴ Low-Loss Active Damping of 1st Filter Stage  ¹ Neg. Cap. Current Feedback
ƴ 2kW / 400V DC-Link 3-ū650V GaNInverter (I M=5A), fout,max= 500Hz 
ƴ Sw. Frequency  fS= 100kHz 

Outer Diameter OD=35é65mm
S=Single/D=Two StackedCores

Solid CopperWireAWG 13é20
Sendust, MPP, High-Flux, etc.

H. Ertlet al.
(2018)

fC,1=7kHz
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fC,2=20kHz



Ʒ 2-Stage Full-Sinewave Output Filter (2)   

Ą Transfer Functions &  Step Response 

ƴ Neg. Cap. Current Feedback Emulates ºLoss-Free» Damping Resistor
ƴ Passive Damping of 2nd Filter Stage 
ƴ PI-Type Current Control

Index Ă0ñé No Active Damping
Tryé Closed Loop with  PI-Controller 
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Ʒ 2-Stage Full-Sinewave Output Filter (3) 

ǒ Impedances of Filter Components & DC-Link Capacitor (CDC=120uF)  

ƴ Nonlinearity of MMLC Caps (X7R, 330nF/500V) Ą Effect on iC-Feedback
ƴ Symmetric Connection of Filter Capacitors to +/-DC Reduces Nonlinearity 
ƴ 1stResonance of Filter Components @ Ć5MHz
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Ʒ 2-Stage Full-Sinewave Output Filter (4) 

ǒStationary Motor Phase Curr. /Voltage @ 2.5Nm & fout=250Hz
ǒSpeed Increase from Standstill to n = 3000rpm in 60ms

ƴ Exp. Verification  ¹ 650V E-Mode GaNSystemsTransistors (50mɋ)
ƴ Sw. Frequency  fS= 100kHz, Efficiency  Ć98%
ƴ 200mm x 250mm

iC Measurement
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Ʒ 2-Stage Full-Sinewave Output Filter (5) 

ǒ Modified Filter Ą Compliance to EMI Standard EN55011 Class-A 

ƴ Modification of Output Filter Structure 
ƴ Elimination of Direct Cap. Coupling Between Output and Noisy (!) DC+ (Due to RDC) 
ƴ For Opt. iC-Feedback C1Realized Using ĆLinear Kemet KC-Link 

Symmetric Filter

Modified Filter

modified

symmetric

!
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