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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.

Hérsaal im ehemaligen Chemischen Institut (1909)
Bild: TUM.Archiv




TUM (a few numbers)

50.484 Students

are enrolled at our university in the winter semester

2022/23. Of them, 36% are female students, 41% have

come from abroad for their eduction at TUM.

9,676 Publications

by TUM academics appeared in 2022 in international
journals (peer-reviewed articles, conference papers,
reviews; source: Scopus 2023).

18 Nobel Prizes

have been awarded to TUM professors and alumni
since 1927, e.g. to Rudolf M6Bbauer (Physics) and
Ernst Otto Fischer (Chemistry).

78 Start-up companies

were founded at TUM in 2022.

643 Professors

research and teach at TUM. We have appointed 209
professors from universities abroad (as of
2006-2020).

1,109 Doctorates

were awarded by TUM in the academic year 2020/21.

Modernized doctoral degree regulations were
published in 2012.

24 Leibniz Prizes

have been awarded to TUM scientists since 1987 (as
of: 2023). Our long-serving President Wolfgang A.
Herrmann received it in 1987.

73 Patents

for inventions from TUM researchers were submitted
to Patent Offices 2020.

8 Schools and departments

form the academic foundation of our university,
connected by 6 integrative research institutes at the
interfaces between disciplines.

430.4 mio. Euros third-party funding

for research and teaching was secured in accounting
year 2021 making TUM one of German’s top- ranked
universities.

8 Humboldt Professors

have joined the TUM ranks (as of: 2022) — a major
success in this competition for top international talent.

> 6,000 Cooperation agreements

were concluded with companies or other partners for
research projects since 2013.



TUM structure

Bridges to Innovation
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Path to net zero emissions by 2050

World total electricity final consumption: 1 919 Mtoe

Other: 7.9%

Transport: 1.7%

Transport

\ Industry

Commercial and public services: 21.5% / Industry: 42%

Residential

Residential: 26.9%

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



Bidirectional motor drive applications (Industrial motor drives)

50 Hz 0..100 Hz

«

POWEr conversion

Reference

/
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Bidirectional motor drive applications (Industrial motor drives)

0..100 Hz 50 Hz

<

POWEr conversion

Reference
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Potential energy savings for different applications in 2021

Annual savings (TWh/yr)

Yearly electricity
oroduction fora 1.2 GW

UPS PV inverters EV charging Low voltage Laptop

data centres variable speed charging Nnuclear power p lant
drives

WBG applications

Source: https://superefficient.org/
10



TuTl

Energy lost (or recovered) during motor deceleration
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Source: |. 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. 11



Energy losses during motor deceleration

Stator current,
phase a (A)
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Source: |. Karatzaferis, E. C. Tatakis and N. Papanikolaou, "Investigation of Energy Savings on Industrial Motor Drives Using Bidirectional Converters," in IEEE Access, vol. 5

2017, doi: 10.1109/ACCESS.2017.2748621.
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Energy recovery potential in industrial robots
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Source: Palomba |, 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/appl10217475
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Energy recovery potential in industrial robots
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Source: Palomba |, 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/appl10217475
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Integrated motor drives

Industrial examples
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Fig. 2: Finite-element thermal analysis of a compact, fully integrated SiC-
based servo.

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

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)

Source: Wrobel, Rafal. "A technology overview of thermal management of integrated motor drives—
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Cooling inlet and outlet

Power electronics

Transmition

‘ Electric motor

Power electronics cooling
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Electrical Machines." Thermal Science and Engineering Progress 29 (2022): 101222.
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Integrated motor drives

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

TuTl

Cooling inlet and outlet

Power electronics

* B Pin-fin heat exchangers
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Source: Wrobel, Rafal. "A technology overview of thermal management of integrated motor drives—Electrical Machines." Thermal Science and Engineering Progress 29 (2022): 101222.
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Integrated motor drives - example based on Current Source Converters

Current DC-link Back-to-Back converters seem like an interesting solution
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Source: Jahns, Thomas M., and Bulent Sarlioglu. "The incredible shrinking motor drive: Accelerating the transition to integrated motor drives." I[EEE Power Electronics Magazine 7, no. 3 (2020):
18-27. 18
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Integrated motor drives - example based on a Current Source Converters

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

18-27.
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Bidirectional motor drive applications (WECS)
0..60 Hz 50 Hz

«
<

POWEr conversion

Reference
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Powertrains of Wind Energy Conversion Systems

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

Gearbox

(Optional  WRSG
with SG) (LV)

44} 4%} G KF £

2L-VSR DC-Link 2L.-VSI

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/JPR0OC.2014.2378692.
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Conventional power converter architectures for AC-AC conversion
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VSC-B2B versus CSC-B2B
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Three-Phase GaN M-BDS-Based Current DC-Link AC-AC Converters
Neha Nain Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 23
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VSC-B2B versus CSC-B2B

infineon ETHzirich

Hardware Demonstrators (1.4 kW AC-AC VSD Incl. Grid & Motor EMI)

» VSC » CSC

Power PCB - - OVP PCB~——.1

M Scemi. + HS s Core Stage s Grid-side EMI mmm Motor-side EMI

» VSC Power Density : 1.7 kW/I » CSC Power Density : 1.8 kW/I -
(1.9 kW/I Without Full Motor Filter) (2.2 kW/| Without Full Motor Filter) CSC

0.08 dm’ 0.62dm’0.73dm" 0.83 dm’

0.09 dm’ 0.49 dm’ 0.65dm’ 0.80dm’

Three-Phase GaN M-BDS-Based Current DC-Link AC-AC Converters

Neha Nain

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

» Conducted EMI Measurements » CSC Radiated EMI Measurement
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» Both VSC and CSC Prototype Satisfy Pre-Compliance Conducted EMI Limits.

» CSC Satisfies Pre-Compliance Radiated EMI Limits — Use of Unshielded Cables Validated!
s Measured with FCC F-33-1 Current Clamp Across All Four Wires On Grid and Motor Side
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Three-Phase GaN M-BDS-Based Current DC-Link AC-AC Converters
Neha Nain Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 25
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VSC-B2B versus CSC-B2B

» Controllers for Both VSC and CSC Designed to Maximize v, Control Bandwidth Under Identical System Constraints

s Output Voltage Loop Gain m Step Response — Two Considered Cases for CSC :
weees VSC Loop Gain ===+ CSC Loop Gai i
oL e i = Equal Worst Case Output Voltage Ripple as VSC (Same Av, - C, csc > C,ysc)
= M., i ] i s Equal Fundamental Frequency Capacitive Reactive Power (Same Q, - C, csc = C,ysc)
3ol hum,  1,8kHz SkHz
3 30 — . .
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= -30
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. 140 : : | o
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» CSC Achieves Higher Bandwidth! » Small Signal: Both Cases of CSC are Faster! » Large Signal: CSC, Same Q, is Faster /

CSC, Same Av, is Slower!
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Three-Phase GaN M-BDS-Based Current DC-Link AC-AC Converters
Neha Nain Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 26
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VSC-B2B versus CSC-B2B

» CSC Offers Higher Weighted Eff. (for Characteristic Mission Profile of a Var. Centrifugal Load According to NEMA PI)
m 95.7 % for VSC vs. 96.6% for CSC - Avg. Mission Profiles Losses of CSC < VSC By Around 20 %

infineon ETHzirich

Three-Phase GaN M-BDS-Based Current DC-Link AC-AC Converters
Neha Nain Source: https://www.ams-publications.ee.ethz.ch/uploads/tx_ethpublications/PhD_Thesis_Neha_Web.pdf 27
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What options exist to reduce switching losses?
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Switching losses reduction 1 - soft-switching

Example 1 - ARCP inverters Example 2 - TCM modulated inverters

P P -
| x Tp,h _grp ARCP | Tp h E} 3L TCM
T Ty | fsw\ Jel £c2 fout T Ty | /fsw ﬁ:lc /fout

t__ Lr ip, L1 i, L2 i1s iout Vout T Ly iy L2 Vout

m m
+ _1C2 -

n n

40 40

(S
-

|| ML LRI

Current (A)
o
Current (A)
-

Jsw (kHz)
S

o 5 10 15 20 OCo 7 5 10 15 20
Time (ms) Time (ms)

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. 29



Switching losses reduction 1 - soft-switching

Example 1 - ARCP inverters Example 2 - TCM modulated inverters
P -
p + l Toalek dCp  ARCP - Ton E3 3L-TCM
T Tyl fsw\ Jel 502 ;out T Ty | /fsw ﬁ:lc /fout
t__ Lr ip, L1 iy, L2 jy5 igut Vout T Ly iy, L2 017 iout Vout
m m
= _1¢€ Z
n n
40 40

b
-
T

20t ‘ﬂw g
=
LT VRN

Current (A)
-

o
S

Current (A)
=)

D
Low switching losses

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

variable frequency

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.
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Switching losses reduction 2 - Diode(-like) rectififiers

ypical 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

~.
)

Spectra of input AC currents
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% A bidirectional solution can be achieved by replacing the diodes with transistors.

h
Current distortion will not be eliminated, and large energy storage -> large dimensions
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Switching losses reduction 3 - Discontinuous modulation

Exemplary switching losses: 00— _
300 | Il 7-segment space vector modulation
0y (3/3 modulation)
100
450 = o
400 £ ol
300 = 3/3 modulation 200
g 300 g_ ! ! -300 _ Mliw
~ 250 400 L
200 &

150 -

400 T T T T

2/3 modulation

100 |
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-100
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-300

_400 | | | |
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Switching losses reduction 4 - synergetic control/modulation

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

Conv
Ci ( Co s Inv T
k J/ , la DC-link voltage AC-port currents
—_— !/ % -
Tc2 3 &
|j | "
SCU
200
0 b
0 l | l
0 0.005 0.01 0.015 0.02 . o o ™" e
> —> 1t

Source: Philips Intellectual Property & Standards GMBH, “3-phase solar converter circuit and method”, Patent number W0O2006011071A2, Feb. 2006. 35



Switching losses reduction 4 - synergetic control

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

.
Ly DC-link voltage AC-port currents
hNaaaaaY
VcoT
M
400 —
200 |-
A . A /ZC A . A
D
% Low switching losses due to low DC-link voltage and “extreme” discontinuous modulation, :

conduction changes are negligible 102

A DC-DC stage is needed, which should shape its DC-link current according tov,. so thatv,.i,. = P t
-> not optimal DC-DC operation

Source: Philips Intellectual Property & Standards GMBH, “3-phase solar converter circuit and method”, Patent number WO20060110/71A2, Feb. 2006. 36



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

Topology
CSC
p LeripeLompe L, q
Iy, 1o,
o— o—
O O
u l L,
do > > .a = .A ®
U l .
b (o ob - b uBo - = 9
u, 1 I l
Co >~ U - 0o (C
TB,l TC,l
C. C,
In )\ O— O— )\
n O O N
r

CCM,CSI

38



VSC + Bidirectional buck converter + CSC

Topology
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The intermediate DC-DC converter enables synergies among all converter stages !
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Modulation principle

Grid side voltages,

2 2
Ha:O,Qb:%’QC:—%7

Motor side currents,

TuTl

Organizing the voltages according to their amplitudes:
’U/] — (]m Sin(wmt — 93)7 Wlth] = a, b, C Umax

Umin

Umid

’ij — Ao,pk sin(wot — ¢ — 9j)7 Wlth_] = A, B, C

2 2
0r =0, 0 = 5, 0c = — =,

max(Us, Ub, Uc)
min(u,, Ub, Uc)

—(uvSR,max + UVSR, min)

For 1/3 modulation, the rectifier DC-link voltage has to follow, Uxz = U13 = Umax — Umin

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

ip = 123 = max(|2al, i8], |ic])
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Modulation principle

Rewriting, Uxz = U13 = Umax — Umin and  %p = t93 = max(|tal, |2B], |¢c])

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

Thus, the modulation signals should be,

CSC (for —z/6 < 0 < 7/6)

d[AC] = 0.5 mcsy COS v + 0.5\/§ M (CSsI sin 0
d[AB] = 0.5 mqgsy COS 0 — 0.5\/§ mqcCsiI sin 6@

dizero) = 1 — djac) — djaB) =0

with, Uyn

|
=
=
Qo
4
_|_
=~
=,
S
~—
DO
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Modulation principle

Rewriting, Uxz = U13 = Umax — Umin and  %p = t93 = max(|tal, |2B], |¢c])

Now, we neeo

Thus, the moo

modulation/reference signals that would generate proper voltages and currents in both AC ports.

ulation signals should be,
CSC (for —z/6 < 0 < 7/6)

. —1
dmax — 2sz (Umax + uyn) d[AC] = 0.5 Mgy COS 0 - 0.5\/§mCSI sin @

_ —1 ,
dmia = 2U," (Umid + Uyn) diaB) = 0.5 mggr cos — 0.5v/3 mes Sin 6

dmin — ZUX_ZI (umin uyn)

dizero] = 1 —djac) — djap) =0

with, Uyn = _(umax + umin)/z
The DC-DC converter must adapt its current and current-port voltage so that power is constant.
Thus,

d o Uqr, LF o ix,LF
XZ

lp
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VSC+BC+CSC operation principle

Main waveforms
Vee csC

5h A i | -

1 [/ — Tx LF | i .. — 1, = U

I (a.11) Txl o X ! (bll) | ‘ pz,LF qr,LF |
0l 11 )0 o o o 1 g o g g

0 5 ZO 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

time (ms) time (ms)



VSC+BC+CSC operation principle

Main waveforms

ITx LF = Ux LF
il O g g g |
0 5 ZO 15 20 25 30 35 40 0 b5 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40

time (ms) time (ms) time (ms)
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Operation limits

Power conservation should be observed: P = U,, Ix, LF = Uqr,LF !p

The other physical restrictions are: Uy, > Ugrr: IxLF < . dpc/pec <1
T T : V3 U pk
Thus, the following relation must hold P — P — (3/2) UO’Pk Ioapk PF <1 Uo,pk,max = 9 Prgp

Uxztp Uiz i23 U1s 123
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Operation limits

Power conservation should be observed: P = Uy, ix LF = Uqr.LF ?p

The other physical restrictions are: Uy, > Ugrr: IxLF < . dpc/pec <1

- \[U k
Thus, the following relation must hold P. — P. (3/2) o,pk IO Pk PE <1 Uo,pk,max = 9 PF,p
Uxztp Uiz ias U13 123
20— L o e e e L U e | .
1; SR pk) £:48 A8 P | 140
— oF Flg.2 ///\:""‘ IOapk E 2
=2 A 0 -
510— \//.?.%‘ ’ - \—'30\;
- . ol 3 65EW]| o~
O ""’ ’ - | :
et P-I motor & - 120
(] = AeriiF I A U S BRSNS L =
0 5 10 15 20 25 30 35 80 100
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i

DCG-DC

DC-DC-Controller
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Control principle
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Accelerating a motor

Description Value
Nominal power 13 kW
Nominal peak current 30.81 A
Nominal electrical frequency 50 Hz
Electrical frequency range [0, 100] Hz
Nominal RMS phase voltage 200 V
Nominal Power Factor 1.0

15: 1 i ll\ [ @13 kW T 1 — lP [ :60
= 3().8 - - - ' -
E 10 — / m i — 9
< 5 / P!
obE—L 1 [ L 11 TR SR 3 0
O l  — — — | 120
Y| 380
uay -
200 V\‘ ,f\‘ U, | §40
:"'4\ / \ \'\/; 7SN, i PEO
\ il) .
-200!» ‘ A \‘\/. \,\/. \‘\/. \M i A 40
-400 == 1 -80
30 ) | | | | | | | | | | | [
20F- -
< [
10— ‘
| r
0 I | | | | | | | | | | -
50 = | | | | | | [ | | | | |

)
llllll >~ ]_I,Illlll

2 of
-25_:_ z.C/
E i
50— 1 |1 I [ — [ —
600 =T p—
— \ 72\ / M/WMA A0 AN A2
300 = mmmm;
2 OE~"
-300
|

< T
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Comparison with VSC-B2B

Load specifications:

Description Value
Nominal power 13 kW
Nominal peak current 30.81 A
Nominal electrical frequency 50 Hz
Electrical frequency range [0, 100] Hz
Nominal RMS phase voltage 200 V
Nominal Power Factor 1.0
Chosen design parameters:

Description Value
fsw Switching freq. 100 kHz
Ty sr VSR semiconductor SCT012W90G3AG (900 V, 12 mf2)
Tvc/pe DC/DC semiconductor C3MO0030090K (900 V, 30 mf2)
Tcsi CSI semiconductor C3MO0010090K (900 V, 10 m£2)
Lpwm VSR DM inductor 176 uH (2xN87 E65/32/27, 14 turns)
Lcowm VSR CM inductor 1.2 mH (VAC 40/25/15, 3 X8 turns)
Lpm,pe DC DM inductor 75.7 uH (2XxN87 E30/25/16, 12 turns)
Lcm,pe DC CM inductor 1.5 mH (VAC 40/25/15, 29 turns)
Cin VSR DM capacitor 2.0 yF
Cbc,xy—yz DC-link capacitor 9.0 uF
Co CSI DM capacitor 5.3 uF
CcM, VSR VSR CM capacitor 63 nF
CcM,cs1 CSI CM capacitor 76 nF
P Volumetric Power Density 7.68 KW/ dm?
n Efficiency 98.80 %

Efficiency vs. power density comparison:

99 ' | 1 '

D D [N D (e D B R R G R L L
’7—9880% -
p="7.68 KW/L| -

VSC-BC-CSC
]

97.5"¢

/=100 kHz

97 | | L L l L 1 L L l l L 1 I l 1 L L l l 1 1 L 1 l L l L L

D 7.9 10 12.5 15 17.5 20
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Critical evaluation of the VSC-BC-CSC concept

CSC
Iy X Iry ‘ |E:] p LCM,DCLDM,DC ip
Lo Tone T T== I T, T,
RRENEN ST UL 3
— — C O— O—
ua ia LCM LDM u’ DC.xy TZ
G I oy— — | u, >, o A
R ‘ | | 2
bo » »—— . ¢ b —1t ) U . s, B
u XZ
Co 'C—flc §—- g Ue T ._JC o C
Cin Tfnl Tb.l Tc.l T CDQ,yz Al B"
¢ N N N [
@ & —
Z -
” * u
CCM,VSR CCM’CSI

% 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%
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New concept 2 - Three-leg operation of VSC-B2B

b1



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

VSl X vol _ o _____
ot Tl Tl :
: a,h b,h c,h | | TA,h TB,h TC,h :
| ' | |
! : | |
I —X @ | I
N | DC.,xy .
LG u, i LCM LDM,VSR " , — LDM,VSI Iy Uy
a o— - -— E e B | L Ae - o A
g u l ) ' I u ! u g
= bo—mmm . >.b o e— { Uy :uxz Y% , Be . >.B o o B =
uc lC S uc’ | | u(’: lC UC 1
C o— s NN . | | > ’ o C
| |
| i , '
CIN : Ta,l Tb.l Tc,l | [ “~DC.yz TA,I TB I TC,l :COUT
? | : '
n SNt NSENSTE Y & e | S
| |
: | ' l
Y | ,
.y ——"———— 2 __________________
u
CCM

D
% Industry standard for bidirectional AC-AC power conversion.

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



Principles of discontinuous modulation for a VSC

Line voltages define the minimum DC-link voltage

Modulation signals must guarantee that the output voltages are as

expected, ie., v .= (d]- — dey) Upe with a} e [0,1]

out,;j
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The back-to-back AC-(DC)-AC converter

Vol X vol o ____
B S S (I 7
: ah b.h c.h | , Lane Tope e, :
! . | l
! : | |
| —Y Ol I
N | DC,xy
a o—m_— - N . ¢ | Y - - o A
- = , . . " i | u <
= bo—mmm . >.b . Uy :uxz ty | By - >.B . oB &
uc lC S uc’ | | u(’: lC l/lC =
C o—mmm . . | | . ’ o C
l l
| 1 , '
C : 1L, 1, 1, | =T Coeys Tad Tgio g :COUT
’ | X ¢
" ENSERCENEY NITAEN N
| l
: l ' l
Y | ,
g . gy ————— 2 __________________
u
Cem

D
% Industry standard for bidirectional AC-AC power conversion.

h
We, power electronics engineers, treat it like two VSC converters, i.e., use the DC-link as a decoupling network.
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The back-to-back AC-(DC)-AC converter

Vol X vol o ____
B S S (I 7
: ah b.h c.h | , Lane Tope e, :
! . | l
! : | |
| —Y Ol I
N | DC,xy
a o—m_— - N . ¢ | Y - - o A
- = , . . " i | u <
= bo—mmm . >.b . Uy :uxz ty | By - >.B . oB &
uc lC S uc’ | | u(’: lC l/lC =
C o—mmm . . | | . ’ o C
l l
| 1 , '
C : 1L, 1, 1, | =T Coeys Tad Tgio g :COUT
’ | X ¢
" ENSERCENEY NITAEN N
| l
: l ' l
Y | ,
g . gy ————— 2 __________________
u
Cem

D
% Industry standard for bidirectional AC-AC power conversion.

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

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

We start with the idea of using only three legs...

To simplify things, let's consider the average model of using only three legs,

u u
—a LDM’VSR Loyvivs =2

: B
o—@—o—-—g—e ?1 o d iy, =ludC 0 dy i 0 dyia ldA.udc : < @
d,: Uy, ,

Average model of
VSR switching cell

Average model of

VS| switching cells
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Generalization to any number of phases

Six-Phase-Rectifier example:

Pmpe

Upc = Ug,, .7 UG

lllllllll

L L L

uGunid
» i+
W

\ u iG 1
- 2.1 Ga, u
+ k ZGk ’(‘ll l] ‘5 l DC
_< :: : >—0-—. - NG .
“(“nnin TCZ I l';[‘cd 1 + . . ! l
/I\[mi“ o B ,(;In;l.\'
C°g' ?LGI - ?L'Gmux

?LGk — ,U'Gluiu
IUII\"IHL — /u’l\/lxniu

controlled
dG2...k—1 = %Gy k1

>
Upc = UG e — UGin




TuTl

Modulation principle

Grid side voltages, Organizing the voltages according to their amplitudes:

A . Do U = max(u,.uUn. U
u; = Uy sin(wmt —0;), withj =a, b, c VSR, max ' (Ua, Ub, Uc)
B Cor a on UVSR,min = Min(ua, Up, Uc)
93,—0,«91)—7,6’(3——7, o
UVSR,mid = —(UVSR,max T+ UVSR min)
Motor side voltages, |
> VORaI o UVSILmax = Max(ua, ug, uc)
ur = U, sin(w.t — o — 0r). withk = A.B.C :
k 0 ( O ¢ k)7 ) UVSI,min — mln(UA, uB, UC)
Or =0. O = 2. O = — 27 —
A— Y UYB— 3,YC— 37 UVSI,mid — _(UVSI,max =+ uVSI,min)
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TuTl

Modulation principle

Grid side voltages, Organizing the voltages according to their amplitudes:

A . D U = max(u,.un., U
u; = Uy sin(wmt —0;), withj =a, b, c VSR, max . (Ua, Ub, Ue)
B Cor a on UVSR,min = Min(ua, Up, Uc)
93,—0,«91)—7,6’(3——7, .
UVSR,mid = —(UVSR,max + UVSR,min)
Motor side voltages, |
> VOHA9 UVSI max = Max(ua, us, uc)
ur = U, sin(wt — d — 0r), withk = A,.B.C .
k 0 ( O ¢ k)7 ) UVSI,min — mln(UA, uB, UC)
Or = 0. 0r = 2T fn = — 2T —
A—Y, UB — 37, VC — 3 UVSI, mid — _(UVSI,max + uVSI,min)

The largest line-to-line voltages are defined as, WVSR,13

UVSR,max — UVSR,min

UVSI, 13 — UVSI,max — UVSI,min
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TuTl

Modulation principle

Grid side voltages, Organizing the voltages according to their amplitudes:

A . . . U — IMaxX\Us. UL. U
u; = Uy sin(wmt —0;), withj =a, b, c VSR, max . (Ua, Ub, Uc)
o 27 o e uVSR,min — mln(uaa Up, uc)
93,—0,«91)—7,9(;——?, o
UVSR,mid = —(UVSR,max T+ UVSR min)
Motor side voltages, |
> VORad o UVSILmax = Max(ua, ug, uc)
ur = U, sin(w,t — ® —0r), withk = A,B.C :
k 0 ( O ¢ k)7 ) UVSI,min — mln(UA, uB, UC)
fr=0,0p =27, o = - 21 _
A— Y UYB— 3,YC— 37 UVSI,mid — _(UVSI,max =+ uVSI,min)

The largest line-to-line voltages are defined as, WVSR,13

UVSR,max — UVSR,min

UVSI, 13 — UVSI,max — UVSI,min

A minimum DC-link voltage Viy will lead to reduced switching losses. We know that Viy needs to be larger than
the maximum overall system voltage, i.e.,

Uxz — maX(U'VSR,lSa UVSI,13)
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Modulation principle

Rewriting, Uxy; = maX(UVSR,l& UVSI,13)

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.,

dirpMm,
)J_k ~J
AurpMm,j—k = LpMm,j—k P ~ 0

Thus, the modulation signals should be, dVSR—I,maX — (UVSR—I,max)/(sz/z) —+ dVSR—I,CM
dVSR—I,mid — (UVSR—I,mid) / (sz / 2) + dVSR—I,CM
dvSR—I.min = (UVSR—I,min)/(Uxz/2) + dvsr—1,cM

o6l



Modulation principle

Rewriting, Uxy; = maX(UVSR,l& UVSI,13)

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.,

dizpMm,;
7.7_k ~
Aurpwm,j—k = Lpm,j—« P ~ (

Thus, the modulation signals should be, dVSR—I,maX — (UVSR—I,maX)/(uxz/z) —+ dVSR—I,CM
dVSR—I,mid — (UVSR—I,mid) / (sz / 2) + dVSR—I,CM
dvSR—I.min = (UVSR—I,min)/(Uxz/2) + dvsr—1,cM

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

mode) signal,
UVSR—I,min

dvsSR_ — -1
VSR—-I,CM uxz/2
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Principles of discontinuous modulation for a VSC

MDC:u _u

max =~ min

— 9

SR SR
N
p— 9

SR S
= =S
) |

N A~
S =
& 2
% N
"O. °
S 3
= =
0 5 10 15 20
time (ms) time (ms)
Signals for conventional discontinuous (2/3) modulation Signals for the 1/3 synergetic modulation

Remark: Zero modulation margin.
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Principles of discontinuous modulation for a VSC

Exemplary switching losses: 00 [
0y i 3/3 modulation
200 |+ :
100
4505' ' S 1/3 modulation
400 £ ; 400
= -100 *
300 & 3/3 modulation 200 | 0
g 300 3 | | 3007 200
e 250 ] 100
e = 400 L
200 & =
150 F | : :
: 2/3 modulation 400 ————— v
100 E | -200
— 300
H0 F i . -300
0 T | . . . . | . . . . | . . . . | .1/.3 .m.odu.la.tl.or.‘ E . 400
50 100 150 200 250 300 100
fsw (kHz) S 0
-100
-200
300 2/3 modulation
-400 | | | | | | | | | | | | | | | | | | |
0 5% 10 15
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Control principle
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Waveforms
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Design with |[GBTs

Specifications

P = 50kW
Vgrid — 380\/
fél’id — 50 Hz

1, € 10..60} Hz

|GBT:
FS/7BR12W2T7
(1200V, 75 A)

VSR 1/3-VSI2/3 ||

Transition Region

VSR 2/3 - VSI 1/3
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Design with |[GBTs

TuTl

= 97.60% 97.73%  97.83% 97.85% 97.76%

97.97% 98.12% 98.24% 98.24% 98.21%
1200[""]"']""[""]

® conv. modulation (2/3-2/3) o
® opt. modulation (1/3-2/3) / .
@)

sém

1000} -
= ' 0/ o
.g : /./ / :
- —®
,__‘—f
@—
600 T SN Y SR SR (Y TN SN SN S SN SN S S SH S S S S
40 45 50 DO 60 f, (Hz)
33.3 37.9 41.7 45.8 50.0 F, (kW)
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Design with |[GBTs

TuTl

Again, 99% was not feasible...

= 97.60%  97.73%  97.83%  97.85%  97.76%
97.97%  98.12%  98.24%  98.24%  98.21%
1200 AL AL L vy T
o] - | @ conv. modulation (2/3-2/3) o
| @ opt. modulation (1/3-2/3) / :
o 1000+ o i
0 E I ./ “
= ;[ e "
Ay 800 | @ /0 i
. - pe -
.
600 | T R N SN S R TR TR T S | \ |
40 45 50 55 60 f, (Hz)
33.3 37.5 41.7 45.8 50.0 P, (kW)
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Prototype

Specifications and parameters:

Description Value

. C3M0016120K

TVsSR—I VSR-I semi. (1200 V, 16 mQ)
. 140 uH

Lom,vsr-1  VSR-I DM ind. (2xKoolMu-60 E40/20, 22 turns)
' 1.35 mH

Lom CM ind. (2x VAC 40/25/15, 3% 6 turns)
. 6.8 uH

Lg DM ind. (WE-7443640680B [21])
CiN VSR DM cap. 3.0 uF
Cpc,xy—yz  DC-link cap. 2X%5.6 uF
CouT VSI DM cap. 2.2 uF
CoMm CM cap. 112 nF

....
.......

LN e S : :
L N . -
QL TR : A )
e 0".’ b= e . - ', 3 T g 4
1 - 'O ‘.AQ . .'.. P '.'
OU , o B NS B ', o :
. -'-1?‘ : . Sellll.

VS

VSR
Inductors

Dimensions: 280 x132 x63 mm?3

Power density: p & 4.7 kW/dm®
/0



Experimental waveforms - different steady state conditions

0. DC-Link volt.
200 V/div

Un,: Output sw. volt.

200 V/div

U s, : Grid sw. volt.

UGrid,ph. =230 Vrms

200 V/div _ ‘
Uan : Grid phase volt. 7, : Grid phase curr. Ui ()ILIII[?l‘lt‘fll.l.Cl'C(i [ » : Output phase curr. U, LF CM volt
100 V/div 10 A/div Fyiiae 10 A/div 100 V/div Jera =50 Hz
VSR 1/3 DPWM VSI 2/3 DPWM : VSR 1/3 DPWM VSI 2/3 DPWM
u \
i [ ] vsi | M | 1] [ ] VS :

bﬂnmm hmiﬂ mm
20 Mz
VER 13 - Va1 2 VSR 2/3 - VSI 1/3
H !I
: |
i ‘
M . N
|

W

P 765kW R= 149Q f 40 Hz'

P 796kW R= 1579 f 45 Hz!

VSR 2/3 DPWM VSI 1/3 DPWM
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Experimental waveforms - increasing output frequency
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Experimental waveforms - output frequency = input frequency
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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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Final thoughts
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We still want to get there... stay tuned!

Efficiency [%]

Pareto Plot: Efficiency vs Volume

99.40 <

99.35 1

99.30 +

99.25 4

99.20 4

99.15 1

99.10 =

99.05 4

® Design Pomts'

® Pareto Fromt

R

6 8 10
Power Density [kW/dm?]

- 45

W
w

&
Inductance out [uH]

20

/8



References

he slides without references are from these two publications:

[1] C. Leontaris, G. J. M. de Sousa and M. L. Heldwein, "Three-Stage/-Phase Voltage/Current DC-link
AC-AC Converter with Synergetic Control," PCIM Europe 2025, 2025, pp. 1321-1330.

doi: https://doi.org/10.30420/566541172

[2] C. Leontaris, G. J. M. de Sousa and M. L. Heldwein, "Three-Leg Operation of Back-to-Back

Converters," in IEEE Transactions on Power Electronics.

doi: https://doi.org/10.1109/TPEL.2025.3624327

/79


https://doi.org/10.30420/566541172
https://doi.org/10.1109/TPEL.2025.3624327

.......

G

=

-

marcelo.heldwein@tum.de

2
w
~ &
o
- x .
- gy

=

>

~ -

>~
: % v

w} “ -

e
= i -~
P tw [
o
2 b TN
- 3T s Woﬂ =3 &
e SR e il sl 15
—mee - R
e



