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Test of inverter in
realistic grid

conditions 4
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Thermal Analysis of power converters

Christian-Albrechts-Universitat zu Kiel
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* Thermal modeling
¢ Lifetime prediction
* Condition monitoring
® Active thermal control
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HEART-Plattform Labor: Medium Voltage C|AlU

Laboratory

Christian-Albrechts-Universitat zu Kiel

Maogliche Tests im Labor

v 3test fields (10.4 m2 each) Zelle| Zelle Il Zelle I i
v' Autotransformer with 10,8,6,4,2 kV (o]

v/ up to 1 MW circulating power Variable [ g Ausstattung der Zelen
v cooling system (60 kW liquid, 10 kW air)

v" maximum current 1600 A

v Availability of asynchronous MV Source controlled by a Real

- - Gesamter Umrichter
Time Digital Simulation System (RTDS or OPAL) A kW e ralsschon

Testobjekt
MV AC/LV AC

Variable Variable L= Const. 60 KW Tests einer einzelnen
MV AC MV DC = LV AC Umrichterstufe
Testobjekt Testobjekt
MV AC/MV DC MV DC/LV AC

- Gesamter Umrichter

Variable Const. " .
MV AC = LV AC 1MW durch Zujkulatlon der

Leistung

Testobjekt
MV ACILV AC
Legende:

D Zu installierender MV-Anschluss

|:| Vorhandener LV-Anschluss

\orhandenes Spezialeguipment
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A look to the problems of the electric grids . . . .
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Greater Demand Variability

Christian-Albrechts-Universitat zu Kiel

Load duration curve for New England and New York*

v" New loads and changes in the industrialization
landscape

o.8

0.7

0.6

o5

0.4

MNormalized Load

v" High Renewable production and low load request ->

Low capacity utilization of the grid for great part of o
the time oo : : : S : :
v Low Renewable production and high load request -> deldl bI | )
. . .- . : Normalized load cumulative curve at substation level in New Yor
thgh_capamty utilization of the g”d for small part of city* = more than 30% of the time only in 12% of the time
the time

Impact of the net load from increased us of

renewable energy**
*Kassakian, J. G., et al. "The future of the electricity grid: an interdisciplinary MIT gy

study." Cambridge, MA, Tech. Rep (2011). e

Ra I w
i lu.
—to —ir MNet Load

** Denholm, P; Ela, E.; Kirby, B.; Milligan, M.; “The Role of Energy Storage with i \/\M/\/\/\/\
Renewable Electricity Generation”, National Renewable Energy Laboratory (NREL), s BIRR /\
Technical Report, January 2010. i //
P ‘: AR un—rn ity In wind cutout
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v The grid has been designed to be passive, the increase
penetration of Distributed Generation causes voltage violations

@ penetration: 80%
- penetration: 70%
01 penetration: 60%
+ penetration: 50%
& penetration: 40%
penetration; 30%
# penetration: 20%
\ | W penetration: 10% |
!

105pUu~4——— e — e .

Probability, [%)]
g

lpu. 7

voltage

0.9p.u. —— o 2 3 10 o0
Line distance MNumber of Loads with Voltage Viclation {total number of loads = 311)
110 kv 10 kV 10 kV 0.4 kV

Probability of having a voltage violations of more than

:Q: | - | @ | - +5% versus the number of loads with violation*
MVA kVA KVA *Po-Chen Chen; Salcedo, R.; Qingcheng Zhu; de Leon, F.; Czarkowski,
DG DG

D.; Zhong-Ping Jiang; Spitsa, V.; Zabar, Z.; Uosef, R.E., "Analysis of
Voltage Profile Problems Due to the Penetration of Distributed
Generation in Low-Voltage Secondary Distribution Networks," IEEE
Transactions on Power Delivery, vol.27, no.4, pp.2020-2028, Oct. 2012

I
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IS the Smart Transformer the solution ?
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The Smart Transformer

Christian-Albrechts-Universitat zu Kiel

Smart control Infinite solustions to be

Smart Transformer —

(T3) (T2) (T1) S AL -
- | [ g
ey , Storage
HVDC | L [ |AC/DC stage| | <_P> —
concetrated‘j\ - | [ (2) =
or ‘)| S o2 | LVD(.‘l L@ B LVDC |_= LVAC
MVDC 4RGN [/ oc | | [
distributed | | = — Distribution | = = [ NOP
l T — | |LVAC
- LVDC LVDC LVDC - _l_ - _l_
Ha (3) (4)
AC Distribution _®

T H v
| ' v v
L l AC Distibution AC Distribution

v DC Distribution

_ . AC Distribution AC Distribution
DC Distribution

M. Liserre, G. Buticchi, M. Andresen, G. De Carne, L. F. Costa and Z. X. Zou, "The Smart Transformer: Impact on the
Electric Grid and Technology Challenges," in IEEE Industrial Electronics Magazine, vol. 10, no. 2, pp. 46-58, Summer 3l
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Main results of LV Engine

COSt/b e n efi t an aIyS i S Christian-Albrechts-Universitat zu Kiel

* Releases capacity within existing LV network for connection of future LCT generation and load prior to costly
reinforcement.

» Provides distribution network with increased flexibility and adaptability to cope with uncertainties in how energy will be
generated and consumed.

» Significant reduction in 11kV/LV network reinforcement caused by the uptake of LCTs &

electrification of heat & transport sectors. 36,270 SSTs

e Lay ground works for future LVDC network reducing customer losses (avoided losses of
~£100m annually by 2040 in EV charging)

Financial Savings: 27,274 SSTs
- £62m by 2030

- £528m by 2050 \ 7,819 55Ts

- 16% of GBs 11kV/LV GM subs by 205

Carbon Savings:

. 523 kt.CO, by 2030
. 2,032 kt.CO, by 2050

PE
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Christian-Albrechts-Universitat zu Kiel

. . . to reinforce actual grid assets

P . . . S .
Chair of Power Electronics | Marco Liserre| mi@tf.uni-kiel.de slide 14



Meshed LV ac grids

(@ LV aC bUSbar) Christian-Albrechts-Universitat zu Kiel

. System-level performance of voltage support is validated based
o0 .
» Power flow control on IEEE 34-bus model (bus 860: the ST, sized 200 kVA)
QstaTcom = 400kVarQMV ac QST,m = QST,I = 200kVar
CPT
1.10 , .
Z 100 - .
Fepr P
° °© £ 09 —STLV 1
- = = STATCOM LV
\a ~ = = J 0.80 ‘ ' ‘ - ‘
_ — ~ 0 0.2 0.4 0.6 0.8 1 1.2
@sT,m — — (st (a) time [s]
ST 0.92 . ‘ :
QgT,mT PS*TT T STl E ________________
kq k, 1-kq E: 1
A = S
4 e ST MV
% Py - = 'STATCOM MV
QST LV 0.88 L I | 1 I
0 0.2 0.4 0.6 0.8 1 1.2
R. Zhu, G. de Carne, F. Deng, M. Liserre, “Integration of large photovoltaic and (b) time [s]
wind system by means of smart transformer,” IEEE Transactions on Industry -

=E ifonics, vol.64, no. 11, pp 8928-8938, Noy.2017. - Simulz_ition results voltagg profile; before and after t.he
Ty Chair of Power Electronics | Marco Liserre| ml@tf.uni-kiel.  reactive power step: (a) in LV grid and (b) in MV grid  de 15



Meshed Grid Operation

Christian-Albrechts-Universitat zu Kiel

v' Meshed 1: at LV ac bus @ 120KV

v Meshed 2: the terminal of LV ac feeders o _'_ (

v Meshed 3: LV dc and LV ac-1 S -_:"—%,_é |
iy ot O 0.4kVac

v" Meshed 4: LV dc and LV ac-2

M. Liserre, R. Zhu, C. Kumar, M. Langwasser “Smart Transformer:
Operation in Meshed Grids” in IEEE Ind. Electronics Magazine,

20109. z '
T s at_fccﬂ“‘ >

DG A 1 Meshed W
%
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Meshed LV ac Grids

(@ e n d Of feed e rS) Christian-Albrechts-Universitat zu Kiel

| MvGRID

Optimal Objectives:

A. Power Balancing Control
Pst = Pro, Qst = Q12

B. Minimum voltage variation

_ Awpy-_sT _ Awpy_sT
L7 kQ’m — AQuLv-_sT kP,m ~ APpv_sT

L10

min Z (Viv,m + kQumAQrv—_sT + kp mAPLy_sT — v*)

m=L1 TABLE II

TABLE 1 LoAD OF FEEDER II
LoAD OF FEEDER |

Bus No. Peak load (kVA) Low load (kVA)
Bus No. Peak penetraion Low penetration

DG generation (kVA) Load (kVA) DG generation (kVA)  Load (kVA) L6 3046 1543
LI 0 104§2 0 20+j4 L7 804j16 40+j8
L2 30 20+j4 10 30+j6 L8 50+j10 25+j5
L3 10 20+j4 0 20+j4 L9 25+j5 12.5+j2.5
L4 50 10+j2 25 2044 L10 60412 30+j6
LS 100 20+j4 50 20+j4 snue L/

C. Kumar, X. Gao, M. Liserre, “Smart Transformer-based Loop powerggptroller in radial power distribution grid,” In Proc. IEEE PES (ISGT-Europe) 2018.



Meshed LV ac grids

(@ e n d Of fe ed e rS) Christian-Albrechts-Universitat zu Kiel

LV ac feeder voltage
profiles under three
scenarios.

: Mo loop :
1.05 = & § T

; i P | TS 0 5 SO 0 N 00 0 0 0 O 0 O 0 A 0 A S e A
! = control

| . Min. of voltage B
] variations control | |
1.00 - i ] o | i
105 -ERE - BRN - 2B o aN 1| = H -S88 SEN_ SEN SEE SEN B8 m | | UEN SRR =8 ER BN _,‘ i |||
| i x | i - | - | | - | | | L -] |
LI IZ I3 I4 15 Lr L2 L3 = 6 . £

Voltage rms [p.u.]

Lo L7 L8 L9 LI10 - L1 L2 L3 L4 L5 L6 L7 L3 L9 LI10
Ruie Na Bus No. Bus No.

High DG penetration and high Low DG penetration and  High DG penetration and low
load demand high load demand load demand

P E ar, X. Gao, M. Liserre, “Smart Transformer-based Loop power controller in radial power distribution grid,” In Proc. IEEE PES (ISGT-Europe) 2018.
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. . . to Integrate storage

PE
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Dispatching by means of Smart

T ran Sfo r m e r— b ased Sto rag e Christian-Albrechts-Universitat zu Kiel

Voltage control in distribution systems is normally performed by on-load tap changer transformer and/or
controllable DG. We consider a smart transformer where battery-based storage capacity is added on the
DC bus (ST + storage) to extend the class of ancillary service it is possible to provide.

A control strategy for a ST + storage

to:

1. dispatch the operation of the i
underneath distribution system; L Loud

2. control the voltage of the LV and i MV

MV grids on a best effort basis by —T -
exploiting smart meters and ~—

D
remote terminal units
measurements and/or state

estimation processes.

X. Gao, F. Sossan, K. Christakou, M. Paolone and M. Liserre, "Concurrent Voltage Control and Dispatch of Active
Distribution Networks by means of Smart Transformer and Storage," in IEEE Transactions on Industrial Electronics ||l
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Conclusions regarding integration of storage C|AlU
th rou g h ST Christian-Albrechts-Universitat zu Kiel

» Acontrol strategy for a smart transformer with integrated storage to stack the following
ancillary services:

» dispatch the operation of the underneath distribution system;
e voltage control of the MV network;
e voltage control of the LV network.
« Simulations on the 34-bus IEEE test feeder and the CIGRE reference network for LV systems.

» Dispatched operation is attained with an mean absolute of 0.16 k\W day, the average voltage
deviation from the reference is reduced from 3.38% to 3.11% on the MV side, and 11.47% to
4.53% on the LV.

« Noncomplex architecture and IT infrastructure. All the control is localized at substation level,
only smart meters measurements are required from remote units.

PE
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. . . to exploit AP capability of loads and dist. gen.
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Load Demand Response by means of

voltage control

260

* The load consumption is depending on the
voltage - controlling the voltage also the
load consumption can be shaped!

255

250 ==

245

LV busbar voltage (V)

e UK case: o — ity 5% downward
_ L _ | B voltage capability
« High availability to reduce voltage in ook o
LV grids 2%8 00 03200 06200 OQ'OOTlmi'lllgf)llm lirOO ISrOO 21'00
P 3500 3.4GW best case
* Load response to voltage variation £ o0 —
more than linear (Kp=1.3) § 20
2 2000

« Demand response capability for UK el |
varying from 1GW (Worst Scenario) t0 & | qgwe o

3.4GW (beSt ScenariO) Dou;oo 03:00 0800 09:00 1200 1500 1800 21:00

24 hours - 30 minutes

1GW worst case

A. Ballanti, L. Ochoa, “Off-Line Capability Assessment”, WP2 Part A — Final Report. -
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Soft-load reduction

g 1.5 LoA L9 Kxc
The voltage variation to impose, in order to get the § O | - — 1
desired power variation AP, is obtained: B o __,I:E‘:/r
= 0.3 " T ' |
AP é D{J 50 100 150 200 250 300
— — — =< ale . ..
A I+ PK (a) Sensitivity coefficients for each phase
0 p o1 VSTA VSTE VSTC RBcRMS
G. De Carne, S. Bruno, M. Liserre and M. La Scala, ool
"Distributed On-Line Load sensitivity Identification by Smart g | _ _
Transformer and Industrial Metering," in IEEE Transactions g o= Furthest-bus ; ST hus
=

on Industry Applications, 2019. el 0-90D.U. . 0.93 p.u.
G. De Carne, G. Buticchi, M. Liserre and C. Vournas, "Load ’ > " m “ . = 300
Control Using Sensitivity Identification by Means of Smart (b) ST voltage and lowest grid voltage
Transformer,"” in IEEE Transactions on Smart Grid, vol. 9, no. Load Shed %
4, pp. 2606-2615, July 2018. _

0 —}
G. De Carne; M. Liserre; C. Vournas, "On-Line Load 5%/

Sensitivity Identification in LV Distribution Grids," in IEEE
Transactions on Power Systems, vol. 32, no. 2, pp. 1570-

Load Reduction (%)
L) k=] L] L o o

’ Ma‘rCh 2017 o 50 100 150 200 250 300
Y Chair of Power Electronics | Marco Liserre| mi@tf.uni-kiel.de (c) Load reduction (%) 4



Real Time Frequency Regulation service

Christian-Albrechts-Universitat zu Kiel

MV LV Regulation Regulation
AC DC DC downwards upwards
<::F_nc pe AC [> (+20% load) (-20% load)
fu A P ? 2
AP . :
. ﬁ ST-based |__,, | % s
Load Control _\ 8': U 00 |
| At i t I : S
Increased Load o1
Damping R

Vollaga

1 14sFypTrE
1+sT¢ (14T )(14sTru)
Governor Turbine ; Rotor inertia
(rcheat) AF, and load damping

Voltage

ST-fed grid

Time (s)

G. De Carne, G. Buticchi, M. Liserre and C. Vournas, "Real-Time Primary Frequency Regulation using Load Power ——
- ol by Smart Transformers," IEEE Transactions on Smart Grid, 2019.
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Real Time Frequency Regulation:

Irish test case

Christian-Albrechts-Universitat zu Kiel

Ireland and Northern Ireland:
All-Island Transmission System
400,275, 220 and 110KV

September 2017

Single 220 k¥ Line
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Christian-Albrechts-Universitat zu Kiel

. . . even In multimodal grids

PE
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Multimodal grid regulation

Christian-Albrechts-Universitat zu Kiel

Qae Ve Jac Electrical elements:
Busp ':é“{’fl:fﬁ“ Jv l l Busyn 10kV Bus s « B2B connection
. |/ | "¢ — | e Industrial load (le)
;”j‘;fl‘l— R w e Residential loads (Rel, Re2)
[]D L I Thermal elements
" oy - Regional grc
Dt « Industrial load (It)
\T’ | — 1 w * Residential loads (Rt1, Rt2)
P [I] D 10/04kV
(L'E)H __ Busiz Balin Coupling elements
o | e CHP

» Electrical Heater
H{:z}?)f';
G. De Carne, M. Liserre, B. Xie, C. Zhong, S. A. P. Meliopoulos and C. Vournas, "Multiphysics Modelling of
Asynchronously-Connected Grids," 2018 Power Systems Computation Conference (PSCC), Dublin, 2018, pp. 1-8.
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Focusing on a 3-stage Solid-State Transformer
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Power Converter Topologies

Christian-Albrechts-Universitat zu Kiel

Smart Transformer Architectures Classifications

 1st Stage - Medium Voltage (MV):
» Cascaded H-Bridge (CHB)
* Modular Multilevel Converter (MMC)

e

» 2nd Stage - Isolated DC-DC:
* Modular
» Dual-Active-Bridge (DAB)
» Series-Resonant Converter (SRC)

» Semi-Modular
* Quadruple-Active-Bridge (QAB)

» 3rd Stage - Low Voltage (LV):
* Voltage source inverter
| * NPC
e = ' | Slection of possbl busiccells * T-type I
) E | . . . o .
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e C|AluU
MV-side inverter
Christian-Albrechts-Universitat zu Kiel

Modular Multitivel Converter Cascaded H-Bridge
CHB
(MMC) (CHB) Possible basic cells:
| ' 1 A \4}-:-\51 .
arm ‘ SM ‘ ‘ SM | ‘ SM ‘ ‘L e J
N ! ! Half-bridge Full-bridge
SM 3]|\I: SM {EJLE [ {:JL::[: [ {::JL E _____ s\[ ________ P J_ _____ ______ {;1 LJ__
sM| |sMm| |swm R B P ! i T
| BE R B L ET 88
o | wvpe | i [
o— . . .
[sm| [sm] [sum] L L
[ [ [
5] (o] [su] [5{ [5@! [{?E
: : : T T T
L L L
| : : " I
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MV-side Inverter

Christian-Albrechts-Universitat zu Kiel

Advanced gate-driver design

(MMC)
. jmmmmmmmm—————————————— s e 1.7kV dual IGBT Driving Capability
o LM [sM] [sm] 4 E | « Overcurrent Protection
~ T T T 1 - 1
A SM * Ve measurement
\sl_\-r\ Mr\ \slu\ T = S  Current Measurement
[ .
[sm] [sm] [sv] o » 3 kV lIsolation
\1\-"' DGI?\Egr
AC i MVDC —r—
— = g
EnETED =H RH gr
[sv] [sm] [sv] |
T T T
Meas.
| L | Temp.
‘SIH‘ ‘SF]‘ ‘ql\l‘ Control ‘ Power Circuit

o

PE
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MV-side Inverter

Christian-Albrechts-Universitat zu Kiel

Optimum converter design

(MMC)

[ 1 1 o Optimization Routine
EIgED

e T fun Trig'd

T Electrical specifications .
T . : (Pow = IMW, Vie = 10KV, [, = 5kHz, foq = 50Hz) ]
.' ; ‘. 3 i |
B} - Ny g Load Semi/Caps Databank I :
v [sm] [su] ; *
[ [ [ Operating Point Definition : )
-------- - -p : S C
4 - ‘ (M, G, DC Link Voltage
M| [sm| |su] ol i!i i!i i!. i!_ i!i
o | |

arm

Initialization

\% I # of submodules I .....................
\1\ [ = I type of submodule I
e | MVDC g .
- ‘ 2 | # of semiconductors per sm I
| I | 2 ;
‘ SM ‘ ‘ SM ‘ ‘ M ‘ | tot. capacitance/capacitors per sm l D\/\\/-\\\_I/‘\\/—\\ f\
e L R [ T * 77777777777777777777777777
| | | ™ | Semiconductor Losses/Costs I
- +
e z : .
‘ T T § | Capacitor Losses/Costs I o vzluv Tean T au;.x! :-:ulu'u';w I\‘” ,l:u'?&‘ﬁms,l e
% 1 ;.fm\ 20.3v ‘Jb 4340 5206 15.24 ‘ [ls._lan 201%)
@ | Constant Losses/Costs (GDs, Connect...) I L s ZioA 30l 3038 313 41t 13m0
| ] 5 2
‘ M ‘ ‘ SM ‘ ‘ 9\ ‘ L Store Result | Pos arm volt Neg arm volt

) Output volt Output cur I

PE
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Stress Balancing in MMC Converters

Christian-Albrechts-Universitat zu Kiel
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Mean value (a=30)
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=
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Maximum temperature difference (averaged)
Submodule (SM) No. (sorted) Submodule (SM) No. (sorted)

among all 150 SMs in the upper arm (phase 1).

(a) OP1 (steady state: P,j4=300 MW, e . . .
cos(9)=0.95. (b) OP2 (steady state: Q, ;= 300 Lifetime expectation for the power semiconductors of all SMs in the upper

Mvar, Cos(¢p)=0. arm (phase 1).
F. Hahn, M. Andresen, G. Buticchi, M. Liserre "Thermal analysis and balancing for modular multilevel converters in I

PE HVDC applications." IEEE Transactions on Power Electronics, vol. 33 No. 3, pp. 1985-1996, 2018.
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Review on high efficiency dc-dc

CO nve rte r Christian-Albrechts-Universitat zu Kiel

Phase-shift Full-Bridge iac.-
Relevant converters: g Series-Resonant Converter
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Series-Resonant Converter

Christian-Albrechts-Universitat zu Kiel

| \/
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; vamk Lc, & L‘ll k Rﬂleak 1 1
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Accurate losses modeling

Automatic design - (optimum
parameter selection)

Wideband gap devices

Fault tolerant topology

Lifetime devices
considerations
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Series-Resonant Converter

Christian-Albrechts-Universitat zu Kiel

Fault Tolerant Series-Resonant Converter

(T~~~ ST~ o TT T TTT T I
| x X t xp ==t r Y L( I
D, |D Dy Py
| o | Sy !
| o, = Vo o, —" v T 1
Ei IR
! rar %D, =—c & & o -S|
I “T¢ i |
L ]
Sy failt  J————— M ——————— - Regulated output
Tl Riooms) [ aher fault Uo200V/di) T > voltage
1‘1; (500V /div)
if, (10A/div)—— (a)
Vo (500V /div)
..:un.v 2 5 'ﬂ'qn oms Z.50M57% ® 5
@& 200V @ 50.0A 1M Pkte. 340V
L. F. Costa, G. Buticchi, M. Liserre, “Highly Efficient and Reliable SiC-Based DC-DC Converter for Smart Transformer”
in IEEE Transactions on Industrial Electronics, vol. 64, no. 10, pp. 8383-8392, Oct. 2017. I
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Series-Resonant Converter

Christian-Albrechts-Universitat zu Kiel

Overview of basic dc-dc topologies Influence on efficiency:
suitable to be used as a building block of » Wideband-gap devices plays an important role
the ST dc-dc stage - Design: correct parameters selection _
WGB Devices CAU Kiel dc-dc converter
/DC-DC Converter N Eff = 08.610¢
99 7 BN W c A u | ax = Jo.61l%
GaN  © _S;i o o—+ ;
T A — LT fa ] £ Eff (@Ppa) = 98.1%

— —y DSP Control
§ 96 B . —L L L T doardsaggy o Secondary
n . T T  side
3 [ | Pri'nlw ary
q 95 : side
) :
o | . | ] —e—O Tank
= H NIVDC —L T 1 LVDC i ‘ ("m‘lnil
E 94 | : L L T _ b e
K Converters: ’l Lo 15 om G _
93 B Dual-active-bridge . . . . l 4 bpai
I B Multiple-active-bridges o o o . i &
9 B 3-Phase dual-active-bridge : ° ° °
92t m u Series-resonant \__‘:_ W .
91 ® Full-bridge phase-shift {;L ] [ {h" I
0.1 1 10 © C I_

Power (kW)

L. F. Costa, G. Buticchi, M. Liserre, Highly Efficient and Reliable SiC-based DC-DC Converter for Smart
Transformer, in IEEE Transactions on Industrial Electronics
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Quadruple Active Bridge

Christian-Albrechts-Universitat zu Kiel

OAB Converter

Multi-objective design:

'Efficiency & costl

[ Initialization (P, Virvpe, Viveo, fo) ‘

v Target:

Basic design and current stress calculation
Lsemigms: Lsemiang: 1

PHE
o\

L. F. Costa, G. Buticchi and M. Liserre, "Optimum Design of a Multiple-Active-Bridge DC-DC Converter for
Smart Transformer,” in IEEE Transactions on Power Electronics, vol. 33, no. 12, pp. 10112-10121, Dec. 2018.
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Quadruple Active Bridge

Christian-Albrechts-Universitat zu Kiel

OAB Converter
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Quadruple Active Bridge

Overview of basic dc-dc topologies
suitable to be used as a building block of
the ST dc-dc stage

WGB Devices

99 7 ‘H \. .
GaN : SIC m 2
Q][ el
|
97t
= g6l
>
g 95
é [
= 94F f—
93| active-bridges
“Phase dual-active-bridge
92r Series-resonant
91 = Full-bridge phlase—shift
0.1 1 10
Power (kW)
P

Christian-Albrechts-Universitat zu Kiel

Influence on efficiency:

* Wideband-gap devices plays an important role
» Design: correct parameters selection

_ DC-DC Converter CAU Kiel dc-dc converter

RS EAL Max Eff = 97.5%  (SIC)
é f [ f E ]
[ £2]d

DC-DC Converter

= Highest efficiency of

DC-DC Converter | | a MAB converter




DC/DC for the Smart Transformer

Christian-Albrechts-Universitat zu Kiel

Dual/Quad Active Bridge Serie Resonant Converter

dec transformer

o NUinVout . f o o — :
P= ZWlefswsp ( 7'(') @ é g @ ‘/O n‘/[
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Main : Graphs e HEi
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DAB or QAB ?

Christian-Albrechts-Universitat zu Kiel

0 Medium-Voltage
S Side 0 Medium-Voltage
Side

.........................

Phase Filter

. Phase Filter
oM [, o
@ I JG ol © paly e
™[, T DM [
AC
AC
Feeder 1 Feeder 1

DC Feeder

DC Feeder

i

HiH
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DAB or QAB ?

Table III. Comparative analysis of the DAB and QAB converters

Parameter DAB QAB

LV side MV side LV side
Number of cells 27 27 9
IGBT current rating 50 A S0A 150A
IGBT voltage rating 1.2kV 1.7kV 1.2kV
N° semiconductor 108 108 36
Total semiconductor cost U$ 4336,74 | U$ 6480 | US 1986,66
Auxiliary Power Supply 27 27 9
Gate Driver Unit 54 54 18
Control and comm system 27 27 9
N° of MFT 27 9

Isolation requirement

10 kV (prim-sec)

10 kV (prim-sec)
1.2 kV (sec-sec)

Christian-Albrechts-Universitat zu Kiel

Reliability

Complexity

Efficiency

Fig. 4. Qualitative comparison of QAB

TOTAL COST US$ 10816,74 US 8466,66 and DAB performance characteristic.

i E
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Scaled Prototype: Architecture

Christian-Albrechts-Universitat zu Kiel

Medium-Voltage
Side
up to 1.5kV AC

: v
[ f [T £ [0 ! BE i AR .
[CHEMEE ) [EEEMEE] [EEEME o

CLE | bot e

PE
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Specification of the
chfr:\m'

[

N
Three-phase system

Output power:
100 kVA
MV voltage (line-to-line):
2.6 kKV rms

LV voltage:
800 Vdc

Unit Power:
30 kW
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Scaled Prototype: results

Christian-Albrechts-Universitat zu Kiel
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Scaled Prototype: results

MARB CHB Power Card

Power Card
IGBT

Protection
Logic Circuit

Gate Driver

MECEIEEIN
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Scaled Prototype: results
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New Interleaved solution

Same unit circuit, but... NEW configuration
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LV-side Inverter

3-leg inverter VS 4-leg inverter
e gjL {BL ét i L iza_Za pCaCnT {BL {SL {BL {Sti Ly iz Za
v“ ) i, m i 2 o . i er: i 7y
Vi ; ic e ise Ze ' " PN | Ze
¢ tea) lebY lec Ve Tea Y beby bee
%jcf vl ?fl rm% TTY
a \I {EL {ljt ﬁjt RO {EL {EL {FL {EL n
o | .
connection v" common mode in LV-grid
- - : : i + filter
to mid point v dc-link capacitors lifetime

is critical | mod. strategy
v power quality
R. Zhu, G. Buticchi, M. Liserre “Investigation on Common Mode Voltage Suppression in Smart
Transformer-fed Distributed Hybrid Grids", IEEE Transactions on Power Electronics. I
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LV-side Inverter

Christian-Albrechts-Universitat zu Kiel

Solution 1: CM filter-based suppression (CM current caused by deadtime and witching frequency)

CM impedence |Chm|

10°

107!

—  With CM filter

= Without CM filter

10

0 e

CM impedance w/wo CM filter

1t

CM current caused by deadtime|A]

! |
. | . _ ;_ - Without CM filter - With CM filter >
- Without CM filter rle With CM filter = I
10 I g 10 I
...... " | 3 |
\ N =
15A | 124 | B [+ 124
0 \ L~ % :
\J
| = 0]
' 3 !
| Time|s] = | Time|s]
20
0.01 0.02 0.03 0.01 0,02 0.03

CM current caused by deadtime

CM current caused by switching frequecy

Solution 2: Neutral current control-based suppression (CM current caused by unbalanced loads)

/m.

Vpee abe pos rel

Block Diagram of Neutral current Control
Chair of Power Electronics | Marco Liserre| mi@tf.uni-kiel.de
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Handling faults . .

PE
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U-Heart: Fault tolerant

DC/DC converter

Christian-Albrechts-Universitat zu Kiel

isolation

J[ JE} jj:: Fault detection and

Cell 2

(a)
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Fault clearance and
possible reconfiguration

/7 A2/ /
VWA WA




Fault problems in a ST-based grid

Faults in ST-fed grids: SlT "
« high short circuit currents -V Breaker C
» the ST behaves as constant voltage source after l © X Breaker B
the fault due to the energy stored in passive ( e
components (e.g., capacitor filter);
(L {-
. - /.
» limited overload capability _—_ b4
reaker
» the converter protect itself opening the circuit far J( I} J( x| ] |
before the breaker relays see the fault - vertical ( ( A (rg (rg
selectivity difficult to handle;

A

G. De Carne, M. Langwasser, R. Zhu and M. Liserre, "Smart Transformer-Based Single Phase-To-Neutral Fault
Management," in IEEE Transactions on Power Delivery, vol. 34, no. 3, pp. 1049-1059, June 2019.

R. Zhu, M. Liserre, "Control of Smart Transformer under Single-Phase to Ground Fault Condition" IEEE Transactions
on Power Electronics.
d
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Operations with a faulty-phase

Christian-Albrechts-Universitat zu Kiel

Reduce the impacts of Single-phase Neutral line current control under
faults on the healthy phases as much as different load conditions
possible. 7 |
ST [ 10/0.4kv l
2
"""""""""" P/ - +—— 100% load
two-phasc 1 5ois y = 50%load 7
" X, Bl LV main a7 i
i e = constant P
operation ( main bus bar distribution S & [T~ _ =77 {
l l SPGFZ l l l 25 o 1w
= - 5T active power
Y APUY .¥ SRT 37 S £ i p l.
- AAAARANAS
0 (Bl1 BI2 i T . MY ",“ W'
E i : '§" A N J'.*.,A_e\ AAA
e phase R e
rcc-.p. ase Bl : { { i distribution = { \}* U 'I‘-’ VWV ,
operation y Rt EELELTLE SERE, ,L u Adala i
" H ' " :JE f Y/ ”-.'Ilj‘:\;hbﬁw"' "'"q.
H ' : : T z Jv«v‘uvv'-'\\vv X
; | J I E E | ) | § LV teeminal 3 : . % Optimal Arca iy € [100°, 110°] = - -Ncutral line current
é ( { E I A ___i distribution Phase shift angle ¢ minimal neutral
current
v
3 /2
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ST-overloadcurrent Control

Christian-Albrechts-Universitat zu Kiel

X The semiconductor devices have limited overload capability: Voltage controller
» High current - High temperature - components fault. 990V e
R L U s i VRMS
v The ST can: _ S B N e
« Vary the voltage - interacts with voltage-dependent __50Hz e .
E— Y »_M,v‘ww\w"" .
loads N ™
* Vary the frequency - interacts with generators droop . 49H,
5.6A Max current (6 A)
controller -

* Regulate the voltage to reduce the current

LRM
* Change the waveform - square-wave T w
T 445A

G. De Carne, R. Zhu, M. Liserre, “Method for controlling a
grid-forming converter, computer program and grid forming ..
converter”, 5979-008 EP-1. ST current limited L
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.. . and the challenge of reliability/availability . . .

P . . . S .
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Maintenance of Traditional vs Smart C|AlU
TranSfO rm e r Christian-Albrechts-Universitat zu Kiel

» Traditional Transformer: » Solid-state Transformer:
= Less prone to failure = Semiconductors and
(expected yearly or biannual capacitors are more prone to
inspections) failure
= Spare parts are available and = Spare parts can not be easily
maintenance can be executed substituted

relatively easily

= Smart Transformer:
» Prognostic and Maintenance (sensors, soft-computing and power routing)
» Fault-handling capability L
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Stressors identified

In the survey

Temperature is still
considered the most
critical stressor

J. Falck, C. Felgemacher, A. Rojko, M.

Liserre and P. Zacharias, "Reliability
of Power Electronic Systems: An
Industry Perspective," in IEEE
Industrial Electronics Magazine, vol.
12, no. 2, pp. 24-35, June 2018.

+ Competence 5
Centre

*

PHE
o\

Chair of Power Electronics | Marco

Temperature: caused
internally (through losses)

Temperature:
ambient temperature

Temperature cycles: caused
internally (power cycling)

Temperature cycles:
ambient temperature cycling

Water (e.g. air humidity,
spilling, splash)

Mechanical (e.g. vibration,

shock, ...)

Pollution (e.g. dust, salt,
chemical, ...)

External caused overstress
(e.g. over-voltage, lightning)

EMI: from near devices (e.g.
other power electronic units)

EMI: distant sources (e.g. RF
ant., power transm. lines)

Radiation (e.g. UV, IR,
cosmic rays)

B Wind Power

H Photovoltaic

1 ) S
. - \
Critical stressors for | 1 |
power electronic l '|
converters by application | i I
. e |
field. The bars showthe | 1 I
deviation around the I L — I
mean value for each I —_—
stressor and application. | Y
Scale: (1 not critical, 6 '
very critical). | — 1 |
\ - ) /
_________________ -~
3 |
—_—
) _
_
]
—

[ |

M Electric Vehicle

M Traction

M Drive UPS W Air&Spacecraft



An example of major wear-out

failures in 1IGBT module

bond wire
lift off

Baseplate
Heatsink

Break down of a typical IGBT module.

Stress: Thermal cycling
Strength: Cycles to failure :
Failures: Dislocation of joints . Soldering cracks

Symptom: Increase of Vce, thermal impedance, etc. I

PE
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Prognostics & maintenance

Christian-Albrechts-Universitat zu Kiel

= Shift from experience based

Model-based prognostics
« (POF, virtual sensmg functional)

T

prognostics to model-based and o8 Physical %,,o
%3 o )
Al based methOdS gg Classification %m Evolutlonary or trending models
o methods, fuzzy (Data driven, feature based correlation)
. . . = g logic, ANN, state ??o
= Condition monitoring enable 8/ estimation models \&,
(o)
: : : Generic, statistical life 4 Expenence -based prognostics
detection of health deterioration | / Lsage algorithms (Failures PDFs)

< >~

Range of system applicability

= Condition Based Maintenance relies on PoF models or data driven methods to
estimate RUL and thereby optimally scheduling maintenance

C. S. Byington, M. J. Roemer and T. Galie, "Prognostic enhancements to diagnostic systems for improved condition-
based maintenance [military aircraft]," Proceedings, IEEE Aerospace Conference, Big Sky, MT, USA, 2002, pp. 6-6.

PE
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Prognostics & maintenance

(heat) injection signals

I
I

I

| Design and apply loss
I

I

| strategically having

Semiconductor characterization

Assess dynamic range, accuracy, and coherence of estimated
FRF data; execute additional experiments, if necessary

Compute frequency
response function (FRF)
data for each system

Estimate thermal
response via TSEP

certain frequency content

Q= Qcond + Qsw

| (—

Random noise Single Sine

identification experiment

T = f(TSEP,ijoaq)

Q(t), T(t)— Q(s), T(s)

Combine FRF data
segments; estimate

VDS(on) o

——

iDS(on)

It N

of

T.A. Polom, M. Andresen, M. Liserre and R. D. Lorenz,

"Frequency Domain Electrothermal Impedance Spectroscopy
of an Actively Switching Power Semiconductor Converter,,,

IEEE Transactions on Industry Applications

& interpret transfer
function model(s)

Npoles

.
= eXP(* (S‘Tdiff(x))c) Z )
i=1

T(6x)
Q(s)

UNIVERSITY OF WISCONSIN-MADISON
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WISCONSIN

iz 1

hgatsink 2 gmbigat
.2

(3 Nipatration of a power semiconductor
azzembly, including discrets spatial
locations of temperaturs datectors

(b} Simple, two-lumpad-2lemant
‘mode] used for pradicting high
frequency FRF phass responss

Qosst)
Tyis) Feond Tfs) oo

0" s)01 C, C,

ambient 0, g

{d) 1D tranzient analytical thermal
meodal; heat flux and convective

boundary conditions are dizplayed

() Elecrrical ciscuit represantation of (b)
explicitly showing lumped thermal
rezistance and capacitance slements

(=) Decapenlaed TO-247 MOSFET
azzembly mountad to an sluminom block
heat zink before application of black paint

{f) Thermiztor mounted to the reversa
side of the heat sink to sansa its
temperaturs

Fig 3. Thermal syztem modsls and experimenta] hasdware
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Prognostics & maintenance
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Semiconductor temperature mesur.
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Fig.5 Experimental demonstration of capacitor hotspot

temperature estimation on basis of electrical capacitance

measurement!??!

H. Jedtberg, G. Buticchi, M. Liserre and H.
Wang, "A method for hotspot temperature
estimation of aluminum electrolytic capacitors,"
2017 IEEE Energy Conversion Congress and
Exposition (ECCE), Cincinnati, OH, 2017, pp.
3235-3241.
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Christian-Albrechts-Universitat zu Kiel

. . . by means of power routing

PE
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Active Thermal Control

Christian-Albrechts-Universitat zu Kiel

M. Andresen, K. Ma, G.
Buticchi, J. Falck, M. Liserre,
F. Blaabjerg, “Junction
Protection Temperature Control for More

& - . "
Sequencing Reliable Power Electronics

in IEEE Transactions on

Power Electronics, vol. 33,
y no. 1, pp. 765-776, Jan. 2018.

K Gate HOPERATOR ELECTRONICS | SYSTEM M Andresen, G Buticchi, M
HK 3H over ) [ CCMNCATION controuter [<P=] LT Liserre, “ Study of reliability-
’ (level 2) efficiency tradeoff of active
\ thermal control for power
electronic systems” in
Microelectronics Reliability,
2016 - Elsevier

Device Module

1ms 10 ms‘

Load current

(distribution, reduction), APPLICATION DEPENDENT
Circulation of energy '
DC-link voltage ((

Stored Energy, l Power Out Feedback
DEFARTMENT OF EMERGY TECHNOLOGY .v -

Load profile
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Reliability Enhancement by Uneven

Load i n g Of Cel IS Christian-Albrechts-Universitat zu Kiel

ready to be reused

new cell aged cell differently aged cells
e I~ ’
e ready for the 1
next replacement cell 1
cell 1

cell 2 faulty module cell 2 P
system cell 3

maintenance 1'0{)&11 /replace
the device ™ .

cell 5
P,
e r “
faulty

Modular power
electronic go to stock

module dongc return to . -
- replacement the company te
Start * Different failures and replacement process » system in operation

M. Liserre, M. Andresen, L. Costa and G. Buticchi, "Power Routing in Modular Smart Transformers: Active

Thermal Control Through Uneven Loading of Cells," in IEEE Industrial Electronics Magazine, vol. 10, no. 3,

pp. 43-53, Sept. 2016. -
P
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Power routing concept

Christian-Albrechts-Universitat zu Kiel

On/off control for parallel power converters (State of the art)

Improve the efficiency: activate/de-activate parallel power paths to work on the maximum efficiency
point, mainly in light power.

Only the components in the activated power paths are stressed, while the power quality is affected

— . T ideal efficiency curve
S , '
_—P
B 4 balanced : activating/ Smy M8
G 1 power deactivating ! ! |
J I : I | |
@: m 4108 P=h=FT P, = P i i =
i3 P =0 my: one module activated
JG D3 : > ms: two module activated
[ |mp mas: three module activated

light load 7 improvement

PE
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Power routing concept

Christian-Albrechts-Universitat zu Kiel

Power routing for parallel power converters (Innovation)

Control the lifetime: Identify aged IGBTs and reduce the power processed by them, until the repair or
replacement of the module. Consequently, optimize remaining useful lifetime and efficiency

'y | Activated power
. | Touting
Q| 43" — o
| —> | p; —
A ? i
is balanced : Modules temperature
[;'} o power _ power routing {Tz.:s_
] " _p _ : I T
(i ’o PL—PQ—PS;/ P, =P } l—,
_ : P Expected lifetime (A)
.’j _ )kg__—{ )
@ JG j:",'l - :,..-.T.-.-.-.-.-.-.-.-
| | ‘ ;I"l | )".-.-lr;.nh T

' i I
P . . . . .
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e | cC|Alu
Power Routing in cascaded H-bridges T

Series connected building blocks can share the Cell A

MVAC

power unequally:

Fundamental
A
= _p.
27
;U

v Unequal power P,,P,and A.is processed

Third harmonic

v' Different stress is affected for the devices connected
to the cells

©
Third harmonic

Fundamental

=,
-
Tyt
o

[ 1
@]
o
(@]

v' The concept requires a sufficient margin of V,,.,/V,,

=
—
[
Tyt
Y

v The potential of the algorithm is mission profile

dependent Concept of (multi-frequency) power
routing for a seven level CHB-converter
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Power Routing in cascaded H-bridges

Christian-Albrechts-Universitat zu Kiel

T BN
1-‘4T J PA Mission profile System Power in cells Junction temperature in cells Comparison of
. f= 100 T T -7 damage per cell
1 ——l_—o Nopower % Pat+Pg+Pc jcelia = Tjcetle = Tjcellc,
routing &0
— i g g 1000
¥ 60

=T
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3

50
:
&40

30,

[

Bor | [ e
o

Cell B,C

| T+ ]

70}

l nPC &£ 40|

30| 90
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Time

— L1
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5 3
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Vout, _.VHT J[i} __EOPE lgu Pa+Pp+Pc @
4

= Tjcellc

Relative accumlated damage (%)
o
S

Time @ J
VUgy Ups Ve

T
l?
o
wer [%]
L2

£ ] 100% Il 21%
\ “ a0 / -lmNo power Power routing
Active thermal control (F’Ovlver;ﬂultlizs) o k | routing  (unload cell A)
unioad ce
[‘/m I/b: 1"fc] = f(vo*utca: Cp, Cc) °
Control variables of the Demonstration of the concept for a highly varying mission profile with the resulting junction
power routing for series- temperatures and accumulated damage for the power semiconductors in the cells.

connected building blocks.

I
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Graph theory representation of

modular converters

= Converters represented by Nodes N, N,,... /@_WN
= Power flow connections denoted by edges W, ,, W, ,,... Sue o~ Pl Pras Sink
’ ’ ( : )<w/a,1v¢q,5vVa,g @

= Weights determine the power flow
= Power flow analogous to data flow

T e T

e | 1T ’E:JL][ {:JLi DC

bus 1 bus 2

(e} O

B MR
eENIPY
HHRE

M. Liserre, V. Raveendran and M. Andresen "Graph Theory Based Modeling and Control for System level s

S E| Optimization of Smart Transformers,” in IEEE Transactions on Industrial Electronics. _
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Graph theory representation of clAlu
modular converters Christan-Albrechts-Universitat 2 Kiel

-----------------------

Modular power converter for traction o—E {:JLE o] {ﬁn} ﬁt?@
= Composed of Cascaded H bridge & RN an 5 - otor
Quadruple Active Bridges svac [ £ i&]“ﬁ‘r Inite?@
HESN| L LI
= Multiple power flow paths from source to ; t = ZaLLIESS:
sink ' j{ z

= More opportunities for power routing
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C|AluU
ST topologies: graph representation

CHB-QAB based ST FIpEBE
. ﬁlﬁn-E
Each H-bridge cell as )
node 4
= Power flow represented
by edges
= Edges do not necessarily
represent electrical
connections
I
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ClAlU
ST topologies: graph representation

CHB-QAB based Interphase ST

i E Medium-Voltage
L __ _l Side

[BFN (SRR [BEhileE
ool (oo T =
(e [Rlel [ERehiE ),
............................................. 11‘ AC
Complex modular architectures can be represented by graph theory
I
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Graph Theory Optimization based

powe r ro uti n g Christian-Albrechts-Universitat zu Kiel
= All converters equipped with junction [ Mission profile for 1 week ]
temperature sensing (V.. ) U
= Accumulated damage for a week calculated from [ Calculate AD for each cell ]
sensed junction temperature profile R —
_ _ Formulate weights for optimization
= Depending on damage of converter cell, weights W; = f(D,AD)
U
Change Optimization
. . . . . N .
» Optimization provides power reference for each min(3_;_, WiP?)
converter depending on weights %
] ] . . [Power reference P stored in LUT )
= Power is routed according to aging of individual 7
cell [ Power routed in cells with P* ]

I
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Maintenance-driven control

Christian-Albrechts-Universitat zu Kiel

P T i 5 |
Component level Building block level : System level
condition monitoring active thermal control (ATC)/ | power routing (PR)

voltage ripple reduction (VRR) |
|
|
! SENESAI | NEs

4 ' - ﬁ

=

i

I

|

|

I

|

I

. |
RUL extension |
I

|

I

|

|

I

|

[

Tl

RUL estimation — — RUL equalization
0 year now 30 years 0 year I I I I 1 I I 30 years 0 year 1 1 30 years
Fail £ IFaiIure of component|| | Failure of cell Failure/maintenanse Maintenance of multiple
i atlure of component with ATC/VRR with ATC / VRR I of cell cells with PR

a2 M. Andresen, J. Kuprat, V.

\ / Raveendran, J. Falck and M. Liserre,

r RUL equalization 17 "Active thermal control for delaying
| Active thermal control & RUL extension I . .

| &voltage ripple reduction ) — | mamtenance_of power electronics

| N = Oyear I oyears) CONverters,” in Chinese Journal of

| [ 1 . . .

| Power routing | Manienance of muutiple cells | Electrical Engineering, vol. 4, no. 3,
e — 4 pp. 13-20, September 2018.

I
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Maintenance-driven control

- ~ N
differently aged cells
Py —I-H—I—I—I—I_H—H
cell 1 b 0 30
year u # v YQEI'S
(a) Normal Operation of the ST
P, Reduced to 1 Reduced o 1 Reduced to 1
+ cell 2 instead of 3 instead of 4 instead of 3
| | | >
0 i i i 30
year years

(b) ST with Lifetime Control Considering Maintenance

P, Possibility to shift maintenance o
S

Juayaé.cm 0 I I I )
 PEPRERF —— | 30
n ; year years

L (c) ST with Lifetime Control Considering Maintenance

Timeline

=  Power is routed in the cells to achieve thermal stress based RUL control

= Possibility to reduce and control maintenance instances

V. Raveendran, M. Andresen and M. Liserre, "Lifetime Control of Modular Smart Transformers Considering the
Maintenance Schedule," 2018 IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, 2018, pp. 60 IR
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Experimental implementation
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Monte-Carlo simulation results

Slightly different junction temperatures of the
devices result in different lifetimes:
= With similar loading, the lifetime will have a

Number of Samples Failed

high variance
= With power routing the variance of the lifetime

time (vears)

IS significantly reduced [

0.8f 95% Failure -
Probability

» The time to a 5% failure probability is
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w
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. C|AluU
Conclusions B o
Christian-Albrechts-Universitat zu Kiel

v' Smart Transformer can reduce the update of grid assets by means of:
v' Meshed and hybrid connections on MV- and LV-sides
v' Integrating storage, using the load dependent AP, controlling the P-flow
v Regulating Q on MV- and LV-sides
v Handling faults in active way

v" Modular SST Topologies allow scalability and fault-tolerance but they
may decrease reliability

v' Power Routing allow handling stress of basic cell depending on its
aging to increase availability and better schedule maintenance

Chair of Power Electronics | Marco Liserre| mi@tf.uni-kiel.de slide 80




	The Smart Transformer: providing service to the electric network and addressing the reliability challenges through power routing
	Where we are, who we are, what we do . . . .
	Foliennummer 3
	Foliennummer 4
	Foliennummer 5
	Grid Integration of inverters
	Thermal Analysis of power converters
	Foliennummer 8
	A look to the problems of the electric grids . . . .
	Foliennummer 10
	Foliennummer 11
	is the Smart Transformer the solution ?
	Foliennummer 13
	Foliennummer 14
	. . . to reinforce actual grid assets 
	Meshed LV ac grids (@ LV ac busbar)
	Meshed Grid Operation
	Meshed LV ac Grids (@ end of feeders)
	Meshed LV ac grids (@ end of feeders)
	. . . to integrate storage 
	Foliennummer 21
	Conclusions regarding integration of storage through ST
	. . . to exploit DP capability of loads and dist. gen. 
	Load Demand Response by means of voltage control
	Soft-load reduction
	Real Time Frequency Regulation service
	Foliennummer 27
	. . . even in multimodal grids 
	Foliennummer 29
	Focusing on a 3-stage Solid-State Transformer  
	Power Converter Topologies
	MV-side inverter
	MV-side inverter
	MV-side inverter
	Stress Balancing in MMC Converters
	Review on high efficiency dc-dc converter
	Series-Resonant Converter
	Series-Resonant Converter
	Series-Resonant Converter
	Foliennummer 40
	Foliennummer 41
	Foliennummer 42
	DC/DC for the Smart Transformer
	DAB or QAB ?
	DAB or QAB ?
	Scaled Prototype: Architecture
	Scaled Prototype: results 
	Scaled Prototype: results 
	Scaled Prototype: results 
	New Interleaved solution 
	LV-side inverter
	LV-side inverter
	Handling faults . .  
	Foliennummer 54
	Fault problems in a ST-based grid
	Operations with a faulty-phase
	ST-overloadcurrent Control
	. . . and the challenge of reliability/availability . . . 
	Maintenance of Traditional vs Smart Transformer 
	Stressors identified in the survey
	An example of major wear-out failures in IGBT module
	Prognostics & maintenance
	Prognostics & maintenance
	Prognostics & maintenance
	. . . by means of power routing
	Active Thermal Control
	Reliability Enhancement by Uneven Loading of Cells
	Power routing concept
	Power routing concept
	Power Routing in cascaded H-bridges
	Power Routing in cascaded H-bridges
	Graph theory representation of modular converters�
	Graph theory representation of modular converters�
	ST topologies: graph representation
	ST topologies: graph representation
	Graph Theory Optimization based power routing
	Maintenance-driven control
	Maintenance-driven control
	Experimental implementation
	Monte-Carlo simulation results
	Conclusions

