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Brief history of the Technical University of Munich (TUM)

Ever since it was founded in 1868, the Technical University of Munich has seen itself as the servant of 
an increasingly technical society. Then as now, TUM researchers are looking for solutions to the great 
challenges of the future. The newly founded university was intended to place technical education in 
Bavaria on the foundation of natural sciences. In doing so, it made a decisive contribution to 
technological progress worldwide - and produced several Nobel Prize winners and important 
inventions.

2



TUM (a few numbers)
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TUM structure
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Munich



A part of our labs

6Photo: Wei Tian (TUM)



Path to net zero emissions by 2050

7
Source: IEA, World electricity final consumption by sector, 2018, IEA, Paris https://www.iea.org/data-and-statistics/charts/world-electricity-final-consumption-by-sector-2018
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Bidirectional motor drive applications (Industrial motor drives)

8https://unsplash.com/photos/1p1CM7_2Sak

Reference

Source Power conversion Load

50 Hz

https://unsplash.com/photos/60NulquhzoI

0..100 Hz



 

Bidirectional motor drive applications (Industrial motor drives)
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Reference

Source Power conversion Load

50 Hz

https://unsplash.com/photos/60NulquhzoIhttps://unsplash.com/photos/1p1CM7_2Sak

0..100 Hz



Potential energy savings for different applications in 2021
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Source: https://superefficient.org/

Yearly electricity 
production for a 1.2 GW 
nuclear power plant



Energy lost (or recovered) during motor deceleration
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Source: I. Karatzaferis, E. C. Tatakis and N. Papanikolaou, "Investigation of Energy Savings on Industrial Motor Drives Using Bidirectional Converters," in IEEE Access, vol. 5, pp. 17952-17961, 
2017, doi: 10.1109/ACCESS.2017.2748621.



Energy losses during motor deceleration

12
Source: I. Karatzaferis, E. C. Tatakis and N. Papanikolaou, "Investigation of Energy Savings on Industrial Motor Drives Using Bidirectional Converters," in IEEE Access, vol. 5, pp. 17952-17961, 
2017, doi: 10.1109/ACCESS.2017.2748621.



Energy recovery potential in industrial robots

13
Source: Palomba I, Wehrle E, Carabin G, Vidoni R. Minimization of the Energy Consumption in Industrial Robots through Regenerative Drives and Optimally Designed Compliant Elements. 
Applied Sciences. 2020; 10(21):7475. https://doi.org/10.3390/app10217475 

https://doi.org/10.3390/app10217475


Energy recovery potential in industrial robots
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Source: Palomba I, Wehrle E, Carabin G, Vidoni R. Minimization of the Energy Consumption in Industrial Robots through Regenerative Drives and Optimally Designed Compliant Elements. 
Applied Sciences. 2020; 10(21):7475. https://doi.org/10.3390/app10217475 

https://doi.org/10.3390/app10217475


Integrated motor drives

15

https://www.synapticon.com/ https://semiengineering.com/sic-and-industrial-servos-a-perfect-match/

Industrial examples



Integrated motor drives

16
Source: Wrobel, Rafal. "A technology overview of thermal management of integrated motor drives–Electrical Machines." Thermal Science and Engineering Progress 29 (2022): 101222.

Great potential for improving industrial systems! 

Challenges: 
− Cooling (two subsystems with different requirements) 
− High dv/dt right at the motor terminals (overvoltages at 

the winding, HF bearing currents, core losses, etc)



Integrated motor drives

17
Source: Wrobel, Rafal. "A technology overview of thermal management of integrated motor drives–Electrical Machines." Thermal Science and Engineering Progress 29 (2022): 101222.

Great potential for improving industrial systems! 

Challenges: 
− Cooling (two subsystems with different requirements) 
− High dv/dt right at the motor terminals (overvoltages at 

the winding, HF bearing currents, core losses, etc) 

Solutions from the power converter perspective: 
− Ultra high efficiency 
− Filtered voltage waveforms



Integrated motor drives - example based on Current Source Converters

18
Source: Jahns, Thomas M., and Bulent Sarlioglu. "The incredible shrinking motor drive: Accelerating the transition to integrated motor drives." IEEE Power Electronics Magazine 7, no. 3 (2020): 
18-27.

Current DC-link Back-to-Back converters seem like an interesting  solution



Integrated motor drives - example based on a Current Source Converters

19
Source: Jahns, Thomas M., and Bulent Sarlioglu. "The incredible shrinking motor drive: Accelerating the transition to integrated motor drives." IEEE Power Electronics Magazine 7, no. 3 (2020): 
18-27.



 

Bidirectional motor drive applications (WECS)

20https://unsplash.com/photos/DzCY1gDGomw

Reference

Source Power conversion Load

0..60 Hz

https://unsplash.com/photos/60NulquhzoI

50 Hz



Powertrains of Wind Energy Conversion Systems

21
Source: V. Yaramasu, B. Wu, P. C. Sen, S. Kouro and M. Narimani, "High-power wind energy conversion systems: State-of-the-art and emerging technologies," in Proceedings of the IEEE, vol. 
103, no. 5, pp. 740-788, May 2015, doi: 10.1109/JPROC.2014.2378692.

Type 4 WECS with two-level back-to-back (B2B) voltage source converters

Mainstream commercial powertrain configuration for WECSs



Conventional power converter architectures for AC-AC conversion
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VSC-B2B versus CSC-B2B

23Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 

VSC-B2B CSC-B2B

https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf
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VSC-B2B versus CSC-B2B
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VSC-B2B versus CSC-B2B

27Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 

https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf


What options exist to reduce switching losses?
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Example 1 - ARCP inverters

Switching losses reduction 1 - soft-switching
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Example 2 - TCM modulated inverters

Source: C. T. Langbauer, S. Miric, M. Haider, J. Huber and J. W. Kolar, "Comparative Evaluation of ARCP and Three-Level TCM Soft-Switching Bridge-Legs for High-Frequency SiC Converter Systems," 
2022 International Power Electronics Conference (IPEC-Himeji 2022- ECCE Asia), Himeji, Japan, 2022, pp. 1734-1741, doi: 10.23919/IPEC-Himeji2022-ECCE53331.2022.9806882.



Example 1 - ARCP inverters

Switching losses reduction 1 - soft-switching

30

Example 2 - TCM modulated inverters

Source: C. T. Langbauer, S. Miric, M. Haider, J. Huber and J. W. Kolar, "Comparative Evaluation of ARCP and Three-Level TCM Soft-Switching Bridge-Legs for High-Frequency SiC Converter Systems," 
2022 International Power Electronics Conference (IPEC-Himeji 2022- ECCE Asia), Himeji, Japan, 2022, pp. 1734-1741, doi: 10.23919/IPEC-Himeji2022-ECCE53331.2022.9806882.

Low switching losses 

Increased conduction losses, extra components, high flux swing inductors, challenging timing or highly 

variable frequency



Switching losses reduction 2 - Diode(-like) rectififiers

Typical variable speed drive
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Switching losses reduction 2 - Diode(-like) rectififiers
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Switching losses reduction 2 - Diode(-like) rectififiers
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 mFCo = 1

THD ≈ 131 %

A bidirectional solution can be achieved by replacing the diodes with transistors. 

Current distortion will not be eliminated, and large energy storage -> large dimensions

va

vb

vc

vpn

ia iA

ib iB

ic iC

Np:Ns

ioDAP DBP DCPAa

N

Cc

P

Bb

DAN DBN DCN

Ro

+
+

+
_

_
_

Co



Switching losses reduction 3 - Discontinuous modulation

34

Exemplary switching losses:
7-segment space vector modulation 
(3/3 modulation)

Discontinuous modulation 
(2/3 modulation)

2/3 modulation

3/3 modulation



Example - Two-stage DC-DC-AC converter with 1/3 modulation at the  VSI stage

Switching losses reduction 4 - synergetic control/modulation

35Source: Philips Intellectual Property & Standards GMBH, “3-phase solar converter circuit and method”, Patent number WO2006011071A2, Feb. 2006.

DC-link voltage
vdc

vdc

AC-port currents

ia

ia

Only one leg switches at   -> 1/3 modulationfs



Example - Two-stage DC-DC-AC converter with 1/3 modulation at the  VSI stage

Switching losses reduction 4 - synergetic control

36Source: Philips Intellectual Property & Standards GMBH, “3-phase solar converter circuit and method”, Patent number WO2006011071A2, Feb. 2006.

DC-link voltage
vdc

vdc

AC-port currents

ia

ia

Only one leg switches at   -> 1/3 modulationffs

Low switching losses due to low DC-link voltage and “extreme” discontinuous modulation, 

conduction changes are negligible 

A DC-DC stage is needed, which should shape its DC-link current according to  so that  

-> not optimal DC-DC operation

vdc vdcidc = P



New concept 1 - VSC+BC+CSC
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VSC + Bidirectional buck converter + CSC

38

Topology

Buck converterVSC CSC



VSC + Bidirectional buck converter + CSC
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Topology

Buck converterVSC CSC

The intermediate DC-DC converter enables synergies among all converter stages !



Grid side voltages, 

Motor side currents, 

For 1/3 modulation, the rectifier DC-link voltage has to follow, 

For the CSS, we want to operate it with just two phase legs switching at any given switching period. Thus, the 
CSC DC-link current has to follow

Modulation principle

40

Organizing the voltages according to their amplitudes: 



Rewriting,                                                           and 

Now, we need modulation/reference signals that would generate proper voltages and currents in both AC ports. 
Thus, the modulation signals should be, 

with,

Modulation principle

41

VSC CSC (for )−π/6 ≤ θ ≤ π/6



Rewriting,                                                           and 

Now, we need modulation/reference signals that would generate proper voltages and currents in both AC ports. 
Thus, the modulation signals should be, 

with, 

The DC-DC converter must adapt its voltage-port current and current-port voltage so that power is constant. 
Thus,

Modulation principle

42

VSC CSC (for )−π/6 ≤ θ ≤ π/6

Buck converter



VSC+BC+CSC operation principle
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Main waveforms
VSC CSC



VSC+BC+CSC operation principle
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VSC

CSC

DC-DC

Main waveforms



Operation limits
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Power conservation should be observed: 
The other physical restrictions are:                                  ,                              , 

Thus, the following relation must hold

Maximum output voltage



Operation limits

46

Power conservation should be observed: 
The other physical restrictions are:                                  ,                              , 

Thus, the following relation must hold

Maximum output voltage

Gain limitation is not a problem for this kind of motor drive operation!



Control principle
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Accelerating a motor
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Comparison with VSC-B2B
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Load specifications:

Chosen design parameters:

Efficiency vs. power density comparison:

VSC-B2B

VSC-BC-CSC



Critical evaluation of the VSC-BC-CSC concept
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Buck converterVSC CSC

Motor is fed with near sinusoidal voltages, switching losses are low, and conduction losses are not much altered 

Extra components when compared with VSC-B2B, CSC requires many gate drivers, did not achieve 99%



New concept 2 - Three-leg operation of VSC-B2B
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The voltage source back-to-back AC-(DC)-AC converter
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Industry standard for bidirectional AC-AC power conversion. 

Switching losses limit the achievable maximum efficiency and, therefore, the compactness of the filters.



Principles of discontinuous modulation for a VSC
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Line voltages define the minimum DC-link voltage

Modulation signals must guarantee that the output voltages are as 

expected, i.e.,  with vout,j = (dj − dCM) UDC dj ∈ [0,1]



The back-to-back AC-(DC)-AC converter

54

Industry standard for bidirectional AC-AC power conversion. 

We, power electronics engineers, treat it like two VSC converters, i.e., use the DC-link as a decoupling network.



The back-to-back AC-(DC)-AC converter
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Industry standard for bidirectional AC-AC power conversion. 

We, power electronics engineers, treat it like two VSC converters, i.e., use the DC-link as a decoupling network.

Let’s try to see it from a different angle!



We start with the idea of using only three legs… 
To simplify things, let’s consider the average model of using only three legs,

Basic principle of operating the B2B with just three legs at a time
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Average model of 

VSR switching cell
Average model of 
VSI switching cells



Generalization to any number of phases
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Grid side voltages, 

Motor side voltages, 

Modulation principle
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Organizing the voltages according to their amplitudes: 



Grid side voltages, 

Motor side voltages, 

The largest line-to-line voltages are defined as, 

Modulation principle

59

Organizing the voltages according to their amplitudes: 



Grid side voltages, 

Motor side voltages, 

The largest line-to-line voltages are defined as, 

A minimum DC-link voltage  will lead to reduced switching losses. We know that  needs to be larger than 

the maximum overall system voltage, i.e.,

vxy vxy

Modulation principle

60

Organizing the voltages according to their amplitudes: 



Rewriting, 

Now, we need modulation/reference voltage signals that would generate proper voltages in both sides. We can 
assume that the voltage drops across the inverter and rectifier inductances will be low, i.e.,  

Thus, the modulation signals should be, 

Modulation principle

61



Rewriting, 

Now, we need modulation/reference voltage signals that would generate proper voltages in both sides. We can 
assume that the voltage drops across the inverter and rectifier inductances will be low, i.e.,  

Thus, the modulation signals should be, 

A smooth transition between 1/3 and 2/3 modulation modes can be achieved by employing the 0-axis (common 
mode) signal, 

Modulation principle
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Principles of discontinuous modulation for a VSC
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Signals for conventional discontinuous (2/3) modulation 
Remark: Zero modulation margin.

Signals for the 1/3 synergetic modulation



Principles of discontinuous modulation for a VSC
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Exemplary switching losses:
3/3 modulation

2/3 modulation

2/3 modulation

3/3 modulation

1/3 modulation

1/3 modulation



Control principle
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Waveforms
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Design with IGBTs

67

Specifications 

 

 

 

 

IGBT:  
   FS75R12W2T7 
   (1200 V, 75 A)

P = 50 kW

Vgrid = 380 V

fgrid = 50 Hz

fo ∈ {0..60} Hz



Design with IGBTs
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Design with IGBTs
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Again, 99% was not feasible…



Specifications and parameters: 
 ;  ;  ; P = 11 kW Vgrid = 380 V fgrid = 50 Hz fo ∈ {0..60} Hz

Prototype
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Dimensions: 280 ×132 ×63 mm3 

Power density: ρ ≈ 4.7 kW/dm3



Experimental waveforms - different steady state conditions
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Experimental waveforms - increasing output frequency
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Experimental waveforms - output frequency = input frequency

73



Loss analysis
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Measured efficiency values
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Critical evaluation of the three-leg operated VSC-B2B concept
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Industry standard topology, can be operated with different switching frequencies and without a filter at the 

motor side if needed, switching losses are very low, conduction losses are nearly unchanged 

Did not achieve 99%



Final thoughts
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We still want to get there… stay tuned!
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Thank you!
marcelo.heldwein@tum.de 


