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O In the literature, the MWT was first Timeline 1990s
introduced as the key element of a multiple- X T b
output DC-DC converter by [1] in 1970s. e o Dyt L _[—DD—/ - > '
) T E Ny gl R] €0
. Eﬂ: Np. NTI = ] E°| T CT I
O In this converter, the concept based on the DuT Ci |
. . val . Mz D 2 S 2
cross-regulation (proposed in [2]) was Np On 2 X i—D’—o/
used to ensure the adjustment of the output Frus Ez N2
. . N £ 2
voltages through the magnetic coupling. " D2y Ef” .
O Afterwards, in 1990s by [3], the same . : ' Sm
g n ILn n
concept employing also MWT was extended MWT ' ' Ont (=== L u _L—D'-"/ .
5 . 1 R 1 Em N
to a multiple input DC-DC converter, whereas m C:E;]E?n ‘ oT E|°"
the first electrical model of MWT was being
developed by [4]. Multiple-output Cross-regulation by Multiple-input
DC-DC converter using the magnetic coupling DC-DC converter
[1] H. Matsuo and K. Harada, “New energy-storage dc-dc converter with multiple outputs,” IEEE Trans. Mag., vol. 14, no. 5, pp. 1005-1007, 1978.
[2] T. G. Wilson, “Cross regulation in an energy-storage dc-to-dc converter with two regulated outputs,” in 1977 IEEE Power Electr. Spec. Conf., 1977, pp. 190-199.
[3] H. Matsuo, T. Shigemizu, F. Kurokawa, and N. Watanabe, “Characteristics of the multiple-input dc-dc converter,” in Proc. of IEEE Power Electr. Spec. Conf.- PESC 93, 1993, pp. 115-120.

[4] Q. Chen, F. Lee, Jian Zhong Jiang, and M. M. Jovanovic, “A new model for multiple-winding transformer,” in Proc. of 1994 Power Electr. Spec. Conf.- PESC’94, vol. 2, 1994, pp. 864-871.
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History of MTB DC-DC Converters

Years later, in 2000s, to overcome
the control limitations of the prior
topologies, an unidirectional three-
ports DC-DC converter using a
three-winding transformer was
introduced by [5].

Then, based on this work, a
bidirectional four-ports version
employing a four-winding

transformer were proposed by [6].

2000s

The First Inpui-Stage Circuit
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e
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[5] Y. M. Chen, Y. C. Liu, and F. Y. Wu, “Multi-input dc/dc converter based on the multiwinding transformer for renewable energy applications,” IEEE Trans. Ind. Appl., vol. 38, no. 4, pp.
1096-1104, 2002.

[6] M. Qiang, W. Wei-yang, and X. Zhen-lin, “A multi-directional power converter for a hybrid renewable ener. distributed generation system with battery storage,” in 2006 CES/IEEE 5th
Contf., vol. 3, 2006, pp. 1-5.
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History of MTB DC-DC Converters
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O In 2010s, a family of multiport 2000s Timeline 2010s

bidirectional DC-DC converters bCb
us 2

were proposed by [7].
et v Novel Multiport bidirectional

DC-DC converter
O Derived from the DAB, in [8]-[10], the DC bus 1

TAB was introduced with the same aim

of integrating simultaneously

multiple DC sources and loads. ool

DC bus N

AC bus
(Ltoercel }— —
battery
multiport - :  AC )

|_SN1B

Py converter o
.

magnetic Cnp T

coupling

—li—

——

;Fib

-
o

photovoltaic
—

[7] H. Tao, A. Kotsopoulos, J. L. Duarte, and M. A. M. Hendrix, “Family of multiport bidirectional de-dc converters,” IEEE Proc. - Electric Power Appl., vol. 1583, no. 3, pp. 451-458, 2006.
[8] ]. L. Duarte, M. Hendrix, and M. G. Simoes, “Three-port bidirectional converter for hybrid fuel cell systems,” IEEE Trans. Power Electr., vol. 22, no. 2, pp. 480-487, 2007.
[9] S. Inoue and H. Akagi, “A bidi. isolated dc—dc converter as a core circuit of the next-generation MV power conversion system,” IEEE Trans. Power Electr., vol. 22, no. 2, pp. 535-542, 2007.

[10] C. Zhao, S. D. Round, and J. W. Kolar, “An isolated three-port bidirectional dc-dc converter with decoupled power flow management,” IEEE Trans. Power Electr., vol. 23, no. 5, pp. 2443—

2483, 2008. -
P
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U0 Concurrently, a three-port version of UL SEmeline g020s

the series-resonant (SR) converter T Phase Shf 618
i I 4 S S eries Resonan
was introduced by [11]. s#._}%n é} s Tu)f csonant .
| |en [_! R Y
O However, only in [12], [13], the TAB | O+ ,1,,, s }""_J‘ 2
Port | g ]
and QAB converters were generalized 4 oha : v,
for an arbitrary number of coupled 51 H‘ 51 :1} 3 R
cells with the called multiple-active- . iy PhaseShift 912
2 Series Resonant
bridge (MAB). I Tank2
Vs el Load port Pont3
L[S H nag ¢ 1
U Finally, other papers have gradually Por2
arisen in the literature to further Resonant
investigate these converters in Battery Pon Topology - -
several application fields. Three-port bidirectional Multiple Active Bridge
DC-DC converter DC-DC Converter

[11] H. Krishnaswami and N. Mohan, “Three-port series-resonant dc—dc converter to interface renewable energy sources with bidirectional load and energy storage ports,” IEEE Trans. Power
Electr., vol. 24, no. 10, pp. 2289-2297, 2009.

[12] S. Falcones, X. Mao, and R. Ayyanar, “Topology comparison for solid state transformer implementation,” in IEEE PES Meet., 2010, pp. 1-8.

[13] S. Falcones, R. Ayyanar, and X. Mao, “A dc-dc multiport-converter based solid-state transformer integrating distributed generation and storage,” IEEE Trans. on Power Electr., vol. 28, no. 5,
pp. 2192-2203, 2013.
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History of MTB DC-DC Converters
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» Power Electronics Transformer for Traction — Alstom/Siemens Inpieff,:;ge o
Input frequency 16.7 Hz
~15KkV, 16.7 Hz Catenary 15kV -16.7 Hz Output voltage 1.65kV DC
~25KV, 50 Hz Rating power 1500 kVA
Power of 1.5 MW Maximum power 2250 kVA (30 s)
Efficiency 94%
Transformer frequency 5kHz
Transformer + electronic weight 2830 kg
Output LC filter weight 385 kg
Heat exchanger weight 255 kg
Overall weight <3600 kg
Cell 2 Power density 0.42 kVA/kg
:_ el Total number of IGBTs 52
| I Cooling system Forced oil circulation
— CellN 3 | Prototype o
8off 151V o b ! - . 15kV erminal
é Rail MWT Cascade modules o P : i CRRE TS 10 conwerter

Patent: WO2012025254A1 (2012) [14] Concept of the System based on the AMTB DC- U | ";‘ff.{'ri‘i'ff.',",'"
DC Converter (2007) [15]-[16] = =3 BB rwternar

Multi-system Traction Power Converter — Alstom/Siemens

Glass flbre ra-lnforced plastie enclosura
{2622212 20.58m)

[14] D. Dujic, F. Kieferndorf, F. Canales and U. Drofenik, "Power electronic traction transformer technology," Proceedings of The 7th International Power Electronics and Motion Control

Conference, Harbin, China, 2012, pp. 636-642, 2012.

[15] ]J. Taufiq, "Power Electronics Technologies for Railway Vehicles," 2007 Power Conversion Conference - Nagoya, Nagoya, Japan, 2007, pp. 1388-1393, 2007. -
16] Patent: WO2012025254A1, "Multi-system traction power converter," 2012.
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Architecture and Operation Principle
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1:a,
» Generic Scheme of the MTB DC-DC Converters =110¢ Hreactis 2 o ac 1T
V v = BCaCU\,O /U:r'i.lx IU.cr'r.l = [ V!)(,‘
Del Network| 7 | T i
AC| | DC
Several cells connected to the same MWT;
. . . . =ee T N ol fe AC s
U MWT performs an important role establishing the magnetic coupling Vies | = I;e“‘:“‘i vr,,_.ZI i Iv -5 = Voo
2 Networ L b ~ =
between the Cells and consequently composing the Modules and the °—_L R pof T
overall power converter; Cell ° ° ° M.})dule
e o ] § ]
. . LN ° 5 ¢
O The architecture of the MTB DC-DC converter can be generically | A0
. .. o A . . g . . t +| DC Reactive nimt ’ 1.
defined by combining of: i primary-side cells; | reactive networks; and Ve I v | [Network Uprii L vel T I Ve,
j secondary-side cells. S
Multiwinding
. . Transf
U Reactive Network provides either the resonant or non-resonant 1§ anstormer )

behavior for the DC-DC converter.

The magnetic flux
can be decomposed
into the main flux,
which links all the
windings.

Common -

Core
13

(M

Extension of the conventional converters with multiple ports;
Interconnection Flexibility;

U Fault-tolerant Capability.
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» Classification of the MTB Topologies
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Dual-Active-Bridge (DAB)

Non-Resonant

SR and LLC Converter

¢ »l DC Reactive v I I,U AC |+
v I AC _NOt\VOl‘k pri,l sec,1 DC I {
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| AC Network | P2 'i“‘z DC |
o -] -] \
Cell\ ° : ° Module
o]
4 +| DC Reactive| ,, I .“U _ AC |‘ {
' 3 I AAC | N(}t\\,’()rk i)P'!.L sec,] DC |
Multiwinding
Transformer
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<
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» Overview of the MTB DC-DC Topologies

DC

AC

Reactive
Network

1: a;;

4 K}
’Upr{. 1 Uw‘l e, 1

AC

DC

I VI)('.]

Reactive
Network

o
o
o

Reactive
Network

D o
’U;pri.lI .. IU.wr‘.j

Multiwinding
Transformer

Depending on the power requirements, the conversion

stages (cell) can be implemented by using different

active, semi-active (hybrid), and passive topologies.
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3-Ports Multi-Mode DC-DC

/ Converter [18]

A+ F AR / F'raction .[/M-‘\'

£ D, ’ AF
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toinverters § SR

Semi-Dual Active Bridge

DC-DC Converter [17]
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Architecture and Operation Principle

» Overview of the MTB DC-DC Topologies

I [PortA 3-Ports LLC DC-DC Converter
I
| + |Q l—-i Qs }-+ [14] Port A
| i (1’11 nyiny ; q
1 i .J_‘. . Ty )
| egad 5, B
1 — Vs
: Sifak i 124
: TZIﬁ Ty)
v ' Rl o
2
I
I , S_E} ll I FY
2[4% Sa
. i} Sk
! | Port B |
e
:_ MV rectifier P — : - \
L _ — Bel:la- (;11&\17;; « \u\.lur\d_h- & T @ S Interphase
L - —_.| - w I'i e R - 5 DS - Lay . . . .
: 2 JK} % JK} j = % : ?24] : Y 7y Side M}lltlple Active
: - [" T o z |2 Sensor board Bridge for ST [23]
| = H g = 3 LV inverter
u JL(} JL:} L, , .
(- T o -0 2 . L¥a
= ) - B
R 2
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1 5 1 LT =
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» Overview of the MTB DC-DC Topologies — Four-Port Series-Resonant Converter
\

' Reactive
§ N{'[\\'(”'L\

-— y |

/ Vo A J

E
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Extension of SR Converter

Characterisitcs:

a
a
a

a
a

50 % duty cycle

Open-loop stability

Soft switching>High efficiency
(ZVS/ZCS)

One magnetic core

Integration of storage in floating port

Main Challenges

a

a

Accurate determination of multi-
winding transformer parasitics
Accurate tuning of the resonant tanks
to ensure good power balance in
open-loop

7]

It PR |
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Architecture and Operation Principle
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» Overview of the MTB DC-DC Topologies Main topologies presented in the Literature
ﬁ?:;:lnsgut;;et(I:C:yee];giz‘::df];mst&ee MTB DC-DC C ‘ Architecture | N2 of Cells Operation Power Flow Input/Output Ref
- - onverter eferences
p ¥ y erte Symmetry Pri : Sec Mode Pri <+ Sec Cell clerences
1:a;.
2 g AC e FB-SABR [17]
T. D( s y 3 AC . tan rectiona
Vipea| 12 i -[\1_::;“:;;& Upri | . ' Vsee, ) % Visai Triple-Active-Bridge (TAB) Asymmetric 1:2 Non-resonant Unidirectional FB-FWR [18]
L ach] . Bidirectional FB-FB [8T-[111, [19]-120]
— - Asymmetric 3:1 [22]-[23]
174 t | DC Reactivel,, T 'Tv AC 2=t/ Quadruple-Active-Bridge (QAB) . Non-resonant Bidirectional FB-FB [21]
e A INetwork | 72 [ Ysec2 T | Vo Symmetric 2:2 —
! | ACL| D( FB-FB/FWR [22]
. . . Penta-Active-Bridge (PAB) Asymmetric 4:1 Non-resonant Bidirectional FB-FB [23]
Cell © ° e Module Multiple-Active-Bridge (MAB) Symmetric 6:6 Non-resonant Bidirectional FB-FB [24]
> . S HHB-FB [25]
T H : Three-Port LLC Converter Asymmetric 1:2 Resonant Bidirectional
3 I D( " P = A
s b= Reactive],, 1 [ _I_ Yo FB-FB [26]
Vo I Ac | |Network} . ' pcl T ! Multiport LLC Converter Symmetric 6:6 Resonant Bidirectional HHB/FB-FB [27]
Multiwinding Three-Port SR Converter Asymmetric 1:2 Resonant Bidirectional FB-FB [26]
Transformer
A
. . )
HHB - Hybrid Half-bridge; e e LE DX PE DX
FB - Full-bridge; e i ‘ “1AC
. . . . po . [)(. = a V
SABR - Semi-active bridge rectifier; . o— o—\ o/ DCl,
. =L PT o
FWR - Full-wave rectifier. SOJ:E SJH% DX D&

SABR FWR |
P
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault Tolerant Capability

N = N Ny # No,
By means of the magnetic coupling, the Symmetrical MTB (SMTB) ED( ‘.\(,]‘[’“'m:{ H[ "\(‘U(_:{
topologies can be designed to merge its secondary side cells in only e ¢ ED(' ] 4
° AC °
one single cell, yielding then the Asymmetrical MTB (AMTB) “1pC ]‘i[u T H[ ac A1
topologies and enabling also the reduction of cells A LS be} L.
N =1 Nope=13 =] =j

FE

Multiples DC-DC

iy
nee

Converter based on 2WT

°T_‘I__ DC AC
: AC DC

T DC AC
| AC DC

T
[ L

. . Asymmetrical
Number of Cells Reduction ) ‘

MTB DC-DC Converters

L b

AC
DC

!

Symmetrical

MTB DC-DC Converters
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Assessment and Comparative Analyses
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault Tolerant Capability

U Due to the magnetic coupling among the cells, the MWT

presents a clear advantage regarding the material reduction Multiples

SWT Core Material Reduction MWT

compared to multiple 2WTs.

O As can be seen, some core material can be saved when the 2WT
is replaced by the MWT.

Core Material Reduction by Using The MWT. ::

Magnetic Core Geomeltry U-U U-1 E-E ETD-ETD
Core Material Reduction | 10% 15% 12% 2%

Core Material Reduction By
Using The MWT (U-cores).

I
FE
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Assessment and Comparative Analyses
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault Tolerant Capability

Base on the Product Area, the total MWT volume

The power-paths can be shortened when the MWT is adopted, due to scales with the number of cells compared to multiple

its inherent magnetic link. As a result, since the structure uses less 2WTs for the same processed power.

cells, the power density of the MTB topologies can be increased v ) \ e 0.75
X 'MWT _ INeell pri
when the MWT is adopted. . 4 —Vg W |asym [ Y — ( B )
Power-path Power-path kVoI is the ratio between the core size of the 2WT and MWT (0 < ky, < 1).
X DC Bus DC Bus
(51)0 7 ’ “1AC T (51)0 2.0 : '
& - k=05 ]
AC DC AC E = rm0m]  Vier > Viwr '[ZE .IZDI
:; 1.6 f|= k. =10 &7 |
S AL AL
DC P 1AC l_‘ DC . > AC — = 2WT MWT
= 1.2 fswr 1
AC H DC AC DC ' *. Vawr = Vowr IWT MWT
o L
° o B MWT
: : . | g ¥\
D 1 - ~ ‘Z\ al ——4 D . =
QM| oA Rl L
AC DC AC = AT AW Viwr < Vo
Multiple 2WT MWT 0 s . . . .
e 2 5 4 5 6 7 8 9
P

cell pri
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Assessment and Comparative Analyses
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault Tolerant Capability

1% otal, 2ZWT = 2-?\71‘5 ., 'I::.r‘( :\'M Ty lv_ Fap
Whereas the SMTB and 2WT-based topologies can be fully composed by otel S ) et thit o

identical cells with the same volume, the AMTB topologies is composed Vrotalsmte = 2Neeir i jVo.cett + Varwr

by the same primary-side cells and only one insulated cell which might VTotal AMTB = (Neeir.ij + A',A_m,n) Vo.cett + VawT
has its volume varying according to the total power processed:
PAMTB _ 2Ncetri jVo cett + NeeurijVawt
‘ Vo icetl = ko cell Vo.cell where Ky coll = (Ncp“.i.j)lls P2WT (‘\ el i g T A‘lgr-(”)l v.eell + VArwT
£ 2.0 _
V.wm Vu‘,.u V(w-ﬁ Vf.,..u VH..H V.v foell -E; -k~.~-|| =1 e Vo.‘.-.-n — vu.ﬂll
—l— y i ¥ e e, e e, —— et e, g i -k oy = (N"Iil'i)“ ‘r/
. > cell,i,j ——"______,.——-— )
T DC ]”[ AC T °-l— DC ] [ AC T T DC ] < L6F 1
1|/ Ac el NI AC H pc| T, . AC H s ]
= = S o ,, HEAC = Pavts = Pawr
: : : - . 1" & ol P ' B ;
o ° ° ° ° DC _Io . Pavts = Pawi Voo g N
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Assessment and Comparative Analyses

Christian-Albrechts-Universitat zu Kiel

> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault Tolerant Capability

. : . . ith 1 i
Thanks to the core material and number of cells reduction, the Although higher curn?nt ratm‘;” devices (with lower on
resistance) are required to implement the insulated
cell, the increased price of the individual device does

not impact further the total cost.

MTB topologies, in particular the AMTB ones might be more
advantageous in terms of cost. Further, with a reduction of the
number of cells, the cost-benefit can also be extended to the

2

—
p—
=

power semiconductor devices.

T T T T
TS I
il AC|

= AR 174
35 USD «——- \N\

: \ m

For the same Package, there
are different devices. ‘

Individual Device Cost [USD]
S

2 +r DC e
| AC — | : |
AC T: 1 N =0 N = 92
DC L DC L Condition for ensure the 1 - -
+| Cost-benefit H For Pe, =Pt % 50 mQ e Fitting Function
Brsionanm S (N Rosioram : 2 kV SiC MOSFET
| AC ; " i ’ W sonem) || | ‘* 300 mﬂl m 1.2 kb Hll( MOSE I:‘,l
1 2 3
RDS ON).asym S (Ivr'e'”s. )r‘i)_l : RDS ON).sym 10 10 10
(S eme : othie On-Resistance - Ry, [mQ)]
Neells,pri 2 cells 3 cells 4 cells 5 cells 6 cells
Cost Reduction 15.60 % 21.43% 25.00 % 21.43% 8.33% -
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Assessment and Comparative Analyses

Christian-Albrechts-Universitat zu Kiel

> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault-Tolerant Capability

Another advantage and potential of the MWT is related to the
redundant power path, which provides Fault-Tolerant Capability
by means of the magnetic coupling among the cells.

Normal operation with redundant cells in stand-by mode and
others in power-sharing mode (as part of the MTB DC-DC

converter);

Reconfiguration example after a fault by means of the
isolation switches to disconnect the faulty cell.

@ Connection of the redundant cell previously in stand-by or just
routes the power by the healthy ones.

PE
-
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Assessment and Comparative Analyses
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault-Tolerant Capability

Power Routing applied to the MTB DC-DC Converters

O Besides, from the maintenance point of view, a power

Peetis )= Peciis.z=++= Pects.i Peeits 27 Preirs 1=+ =Peetis i
haring str mong th 11 n P r Routin ’
sharing strategy among the cells, denoted Power Routing, —bo a0 o ; > Fower Roating On
can also be used with the aim of relieving the thermal Pectisy
Ol AC DCL o [ T
stress from the aged cells. " |
—Inc ] [4\(1 _op Expected Lifetime () Peciiz
, cells,2 Taies © Y
U Thus, based on uneven processing power, the Power o— [ AC DCJ—o L X~ et — e
N\
Routing can be used to optimize the lifetime of the aged i ° Aged Cell o
cells and increase its reliability. i ° o
[ —
DC AC B Parallel Connection |
sG - P, - - «
U As a result, the failure of these aged cells can be postpone . s Koyt~ Kot X X
and the system maintenance scheduled, so that the MTTF Power Flow
and the availability are expressively enhanced. Poyst = Peettsy tPeetis2 T+t Deeits i T, Power Rounting

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. -
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> Potential of the MTB DC-DC Topologies - Power Density, Cost-benefit, and Fault-Tolerant Capability

Power in cells Junction temperature in cells o— ER Bui=P\-Pa+Dy  Energylosses Damage
100y 90 ' Y 1 fl} {hl_ J—_ ﬁl_
90 P =pP:=pPs 1 85 Tjcein1 = Tjcellz = Tjceliz I: LV i
80- 80 de link F i
70/ 75 T T g 5 Cell 2,3 E
Without F60 70 Fig’ {?L _—l—_ {;L ] [ {hL ;’s’: E .
Power Routing 3 50 g 65 (i %
£ 40 =760 I: E £
ElS 55 : z
: TR ;.

a0l . 10 g
Mo power Power routing Mo power Power routing

10-
0 40 CHB QAB routing (unload cell 1) routing  (unload cell 1)
Lt Time
700 sl 1 1 g :
100 p2= f" ﬂ' a0 p § : halanced power |
90 ) ‘.I | | \ 8 S Mgy = 001 | ot F 0997 _'_"‘\ ' A=R=P
80 |Il || | Jr. ﬂ 20 = | — — P = x.\\.“ \\\_7 ________
. 70| I| I p1 j \ \, 75 — 5 ' 0.995 S
With - i | _ N P ~——_ g N
. B |I I | =) 650 e = N
Power Routing 5 50 | = = £ (903 ) o
z | o 18 ||mosacas oete 2
(Unload Celll) 2 | 60 % ‘p=p=1 . aAp r - 3 T ey e N
= ' ) - | 0.99 yunbalanced power! \
30 I | 55 ) P R = R B2 i B0 ¥
20 lvl 'I | 50 : 5= _! AR i E :p!' =P = 25%P \
{700 A WSEAeR kR > (1.989 d=gs
10| ! | 45 ) | 11 12 1.3 ; = 0.5 0.6G25 0.73 (.875 1.0
¢ 20 Unbalanced power (AP) Normalized power (P/Poy)

Time Time

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. -
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Interconnection and Operation Issues

Christian-Albrechts-Universitat zu Kiel

» Possible Configurations used to interconnect the modules in the MTB DC-DC Topologies

Input-series
Output-series

Input-series
Output-parallel

Input-parallel
Output-series

Input-independent
Output-independent

Output-independent

Input-series

Input-parallel
Output-independent

°*=DC AC /™° °—DC AC DC AC *=pcC AC /T—° °bC AC e AC /T°
- AL IRl 17 g8 1| R 1 | 1 I | 17 [ 12D
DC ] [A(‘ :l I:Dc ] [;\C DC ] [A(‘ *—Ibc j [.-\C —° °—DC ] [.-x(' :l ] [.-\C —
r AC | DC alis AC “ DC AC " DC i o— " AC | DCl o o AC DC = ) DC| o
Loe ]‘[ o - Yoe AC DC H AC 1 —bpc H Ac /T °*—{bpC “ ac H [ Ac JT°
o1/ AC DOl o o/ AC j [ pel |, J | ac ] [ DC o— AC j [ DCl o o/ AC ] [ ncl o o]/ Ac ] DCL o
Assuming the Power Flow from the primary-side to the secondary side
Ports ISOS ISOP IPOS IPOP 1101 IOS ISOI 1MOP IPOI
Input [I] Series Series Parallel  Parallel Independently Independently Series Independently Parallel
Output [O] | Series  Parallel Series Parallel  Independently Series Independently Parallel Independently s
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Interconnection and Operation Issues

Christian-Albrechts-Universitat zu Kiel

» Challenges of the MTB DC-DC Topologies

The advantages of the common magnetic core come at the U In the Resonant MTB topologies, limiting factors arise from
expense of specific challenges related to the operation of MTB the practical requirement for splitting the resonant tank on
Topologies the different reactive networks;

\ % J U The MWT topologies are susceptible to deviations of the stray

elements of the MWT. Deviations in the stray elements can

Challenges of MWT in MTB Topologies lead to unequal power transfers among the cells.

O Although the cells are isolated from each other, through the

¥ ¥ ¥ 3 common magnetic core, the load change of one port might

Realization Deviations Unwanted Maximum affect the other cells by means of the unwanted coupling.
of Different in the Stray Couplings Number of

Operation Mode Components among the Ports Windings

U The maximum available number of windings is limited by

the commercial off-the-shelf available magnetic cores.

I
FE
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Interconnection and Operation Issues

Christian-Albrechts-Universitat zu Kiel

» Challenges of the MTB DC-DC Topologies: Deviations in the Stray Elements of the MWT

P Parallel Parallel Independent Independent
Effects of parameter variations . . . L . .. . ..
in th t' ; K of th interconnection in Interconnection in interconnection in interconnection in
1n the reactive networx ot the non-resonant MTB resonant MTB non-resonant MTB resonant MTB
MTB DC-DC converter Converter Converter Converter Converter
Assuming that Lg, , <Lg., Vi, <L.. oL, )
Liwi Ly, : -
—DC - - 1AC —o g
- 3} 1t 1 1%
N ] INTIR |, w7 vie] IR IV )| (2o =L (d)
o Chu @ Ciupy o -1.0 * * ' ’
° i e 1.0 T T T T
o Lpii & Lgy, o L. <L Do <Ligss
~bC j ‘:‘ 1ac ER - / \ ~
i = '-'
1/ L Y e e :
o ge— i — I A, || | g
- L gLl =t (@] [Lsw=L L @) [Ewiewd | (g)
Current Waveforms on the T : ‘me (e ime
Sinking Inductance L Time (s) v Time (s) )\ Time (s) v Time (s) )
Parallel intexconnection Independent intexconnection
P
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Interconnection and Operation Issues

Christian-Albrechts-Universitat zu Kiel

» Challenges of the MTB DC-DC Topologies: Unwanted Coupling among the Ports

Effects of cross couplings due to a load variation in one Parallel Independent
. . . interconnection interconnection
output port in dependency of the output configuration for
different inductance ratio (L g /L reeq;)- Lii=iaimin }—L_-\-.-.,L,;/L;.-....r_, = 1—|
1.0 1.0 : . v Inductance Ratio =1
Effienciency of the DC-DC Converter for each case £
9 T ; - : )
- L~'.'.-.1 ,'/Lr-'.,..‘ =1 - L.\'.-..-x _./Lr..,r =1 ,CL‘D £“‘, 0 0 Coupled
L~'|;.J.../LJ’-'....‘. =10 Ln‘u.-x _/Lr-.,r.. =10 —-E
— @ 1.0 - -1.0 LS
R e e — S o T2 T, 3T./2 o TJ2 T, 3T.,/2
2“ Time (s) Time (s)
g -
é 97 | v ] [ ]43, k.1 ]1» k.2 e ]4 < }_L.‘-'n'm'f._j/Lf-'n.r_.' = 1{)—|
- | e - —! 2 1.0 ” T ] — 1.0 . T T ~ Inductance Ratio = 10
3  —— { | L7 o v
Parallel Outputs Independent Outputs rj =y
96 . a . . w g U i ' 0 : Decoupled
0.5 1.0 1.5 2 0.5 1.0 1.5 2 _% A ! L [ L
Power Ratio P_,,/P,,;[p.u.] Power Ratio P,,,/P..;[p.u.] JE)‘ b e ) | Poef— -
P o 71,/2 71, 3T,/2 o T,/2 T, 3T,/2
Chair of Power Electronics | Prof. Marco Liserre | ml@tf.uni-kiel.de Time (s) Time (3) 35

-



Christian-Albrechts-Universitat zu Kiel

» Challenges of the MTB DC-DC Topologies: Unwanted Coupling among the Ports

Effects of cross-couplings in TAB converter with one feeding-port and two sinking-ports, considering

Independent Interconnection among the ports for different inductance ratio.

L.

Coupled r;-!\C’ £
e DC
“T11pe The sinking-port
il ’\C-’ﬂ Lio 2 is also affected
A
= /ool T,
Lyir = Ly = L
Lginry
Decoupled rA(.‘. T.°
L. (21 pe| T, N
1{oc The sinking-port 2
11/ ac o is not also affected
I TN ANV ANFAN
: DC L [Zoom 111] / / / 4... IV
0Ly = Lgy = 1 St () ———]-‘"~ﬁ -
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Interconnection and Operation Issues
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» Challenges of the MTB DC-DC Topologies: Maximum Number of Windings

The larger the number of windings, the larger will be the .. .
Considering the largest available core U126/91/20 (UU cores)

from magnetics with the product area (Ap = 572 cm?), the
power processed by the MWT is limited to PMWT = 143 kW.

required window area of the magnetic core. Thus, the
maximum available number of windings is limited by the

commercial off-the-shelf available magnetic cores.

| #UU Core  UI Core 4 EE Core | |

8
7F
6

6‘ Boundary 101 i w ] 5 I
2 H—— : S| S %
d‘{‘ °T / 1 < 5T E . -
' 40 kW .
E 3 J -« 3t ' . A
§ ‘ § u "= -’ . .
—E 2 ;’I//A' "5 2 - N .' : |
3 g . Noe .
- g ] A1 _" . - L] = __-__._____________._——-—P -
0 z : n . I 1 kW—¢ 0 Lues_s ———
2 4 6 8 10 0 1 2 3 4 5 6 7
Number of Windings - N, Effective Volume - []Uz.t!mﬁ]
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MWT ~
» MTB DC-DC Converters used in the Quantitative Analyses “T1°C T reactivel .
: f\f} act e Electrical
T MWT - MWT oL/ Ac] [Nt Specifications
-| DC Reactive ] [ AC 4 | g Q(\;|(-tj\-ﬂ | Cell 1
A | [ Network ’ Network Rated
1|/ ac pel [ 1| ac| 10 kKW
» —AC T10C /T henciivel mld |AC - Power
Cenl Cell 4 Cell T e W
DC ACL | DC - DC-Link 400V
W — pc /H I
O_I DC Reactive ] [ AC _L OI l\%'(‘il(‘ll\'}((‘ Cell 3 Cell 2 Cell 4 Voltage
.| | Network 5 acl |] etwor - -
[ acll pc| T ol i o A = Switching 5 by
e — Cell 2 | Reactive Frequency
Cell 2 Cell 3 DJ__ acl | Network
Turn-ratio 1:1:1:1
Cell 3
Symmetrical 4-Port Converter Asymmetrical 3-Port Converter Asymmetrical 4-Port Converter
— Bidirectional Ve Unidirectional Ve Reative Network ——
- ) y —ill—
TV D& DK Non-resonant
“Pc —ac e ——
o— DC —oDC —0 >_ ! & be >- 1 |
| acl, | |-
D& D& Resonant
o - 7
\ - J\_ J\_ -
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Quantitative Analyses and Applications
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» Quantitative Analyses among different MTB DC-DC Topologies D Higher Efficiency |:| Higher Power Density
For the MWT, it was assumed the same magnetic - Non-Reson 1_111 & Bidirectional Ruunm.l & Bidirectional Reson lll[‘ & Unidirectional
MTB DC-DC Topologies Active Bridge Series-Resonant Series-Resonant
core (E80/38/20) and the same wires on the - -
TAB SQAB AQAB 3P-SR 4P-SSR 4P-ASR 3P-SR 4P-SSR  4P-ASR
primary-side windings for all topologies. ,
Architecture Symmetry 3-Ports  4-Ports 4-Ports 3-Ports  4-Ports 4-Ports 3-Ports  4-Ports 4-Ports
(primary : secondary) 2:0H @2:2 3:1 2:D (2:2) 3:1) 2:D (2:2) 3:D
Cell used in the Non- Efficiency [%] 98.27  98.15 93.48 9836 98.11 9354 || 98.73 | 99.05 |  98.90
Resonant MTB Converters
150 x 30 x 150 mm Power Density [W/em?] || 3.79 3.24 3.02 3.58 3.06 2.85 4.30 3.01 3.33
( A \
Active Bridge FB Passive Bridge 1.0 A A ¥ ¢y 4 3
Heatsinl (I\/I()SFET) FWR (Diodc) L —— p— I m Pt'i]mlt'_\'—sitlc' Cells |4

@ Secondary-Side Cells| |
| MWT

Efficiency

o0
T

0.6F

Best
Efficiency

tesonant b:)—"x

Power Losses [p.u.]

Capacitor z ) 0.4
Y
Cell used in the Resonant 0.2
MTB Converters
150 x 30 x 160 mm and 150 x 30 x 75 mm 0

TAB SQAB AQAB|3PSR 4PSSR 4PASR|3PSR 4PSSR 4PASR
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Extension of DAB Converter

» Non-Resonant MTB DC-DC Topologies - AQAB Converter for Smart-Transfomer
Characteristics:

Ya=0
- [ O Higher controllability
's 0 Higher control complexity

(A\) Medium-Voltage
Side

O Soft-switching - High efficiency

: ZVSs);
r(r?odule i ., ' O One magnetic core;
‘ O Integration of storage in floating
] port;
Main Challenges

0O Accurate determination of multi-

winding transformer parasitic

0 Reactive power circulation;

Electrical Specifications

Rated Power MVAC LVAC Grid frequency

500 kVA 10 kV 400V 50 Hz
QAB Converter Specification

Rated Power  Input Voltage ~ Output Voltage  Switching freq
20 kW 800V 700 V 20kHz

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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Multi-objective Design: Higher Efficiency and Low-Cost

Initialization (P. Vyvne. Vivoe. f.) ]

Current efforts: [y, (Leg. f5)

Converter |

ts (Tupry, @) da (Toghy ) [

Basic design and current stress calculation ]

Semi,rmss ,Jl‘lvl‘ui‘q“ "f raformns

Conduction losses:
Pf:ond (Hrl:Eon] (i((:~ 1.1 1g-) ) ’:)

Switching losses:
[’rrmn‘ (L Erm- Eu[j- ’\)

Semiconductor

Capacitor losses:

Poona (Risr, ic)

| Cap

Core losses: i°GSE [16] '+,
Wire:
ac losses: dowell model [16]

HFT

de losses: Py (R, iL(rms))

S(‘Illlf'()[lflllf'lﬂlh selection I

Main losses and cost calculation
Peond(mvy, Peond(ivy Pirago
v v

[ Losses | [ cost |

N of parallel capacitors selection ]

I Losses eq (_?‘,“J and cost caleulation ]

[ Losses ] [

cost ]

B diode cond

channel cond |
1200 | i switching

Sic

Direct power flow

Sic Si

{40mid) (25mfl) IGBT

MV side

150
Reverse power flow
wl oo
W channel cond |
B diode cond

1200 | W switching
o] -

)

)|

10

%)

SiC il Si SiC
(A0me?) (25mf?) IGBT

LV side

(A0me?) {

Si
Y) IGBT
MV side

E

fliciency (%)

Design 1
FPiise = 1080.6W"

Design 2
Paiyy = 422.35W

Design 3
Piiny = 372.5W

"= 1%
<1%

99.0

958.0

97.0

96.0

95.0

94.0

93.0

MV side LV side
mm Switch cond
. Switching

= Diode cond

Tr winding

M Switch cond
m Switching

Diode cond Output cap

T winding

) 97.8%, $430 - Best designs:
: ';z?._’//’ T Cost
£ 98.5% IGBT 1 IGBT 1
§1400 (MV) (LV)
]
3) efficiency:
SiC3 8SiC3
(MV) (LV)
2) cost-benefit:
SicC2 SiC3
(MV) (LV)
200 100 GO0 800 900 1200

Cost (Euro)

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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Quantitative Analyses and Applications

Christian-Albrechts-Universitat zu Kiel

» Non-Resonant MTB DC-DC Topologies - AQAB Converter for Smart-Transfomer

VLGB Devices ) DC-DC qonverter CAU Kiel DC-DC converter
99 7 o
i 1 .
ol ... GaN  : gSiC = e R Max Eff = 91.5% (SiC)
m | .

i £ (0] £
S Tt T
= 96} |
> 1
: T 8
2 o5} _ |
&E MVDC &
= 94 L DC-DC Converter

’l O
93 “active-bridges o e . .
9 “Phase dual-active-bridge : : :
92 Series-resonant . o
91 ® Full-bridge phase-shift | \T DCDC C . - Highest efficiency
01 1 10 o I| P Momverter of a MAB converter
Power (KW)

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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Quantitative Analyses and Applications
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SiIGBT 11 SiC-MOSFET
» Non-Resonant MTB DC-DC Topologies - AQAB for Smart-Transfomer lomses loases
SPECIFICATION OF THE PROTOTYPE AQAB AQAB
g _DAB  _ C DaB;
mparative Analysis of MAB £ ) £
Nominal power of the unit P, =20 kW Co p € Y o 2 £z - g
Converters in Modular Smart Transformer g E||¢ g
Nominal ac voltage Vie = 1.4 kVrms / 50 Hz ; ;
Individual MVde link Vav = 800 V AQAB x DAB
LVdc link Vivoe = 700 V L -
complexity COpre
Switching frequency fs = 20 kHz gz i
o ; Ty e SR PO i Cost (MV stage): # Semiconductors Auxdliaries | ® Capacitors
= Semiconductor (LV) @ Semiconduetor (MV) & IIFT { Cost (LV stage): ® Semiconductors  Auxiliarics | ® Heatsink = HF']

a0 4300} : .

3% oo [siGeT [SIC-MOSFETs = e 20

- 4000 : D - 4

Losses Losses 18

1080.6 W 12235 W 3500 16

Efficiency Efficiency 3000 14

04.8% 07.8% 2500 12

Cost Cost 2000 10

. - 8

$210 $360 1500 0

)

1000 4

LV side MV side 500 9

™ Switch cond Diode cond Output W Switch cond = Diode cond 0 0
™= Switching Tew capacitor || mm Switching Ty winding DAB AQAB SQAB-P SQAB-V DAB AQAB SQAB-P SQAB-V DAB AQAB SQAB-P SQAB-V  DAB AQAB SQAB-P SQAB-V

Si-IGBT SiC-MOSFETS SLIGBT SiC MOSFETS

L. F. Costa, F. Hoffmann, G. Buticchi and M. Liserre, '""Comparative Analysis of Multiple Active Bridge Converters Configurations in Modular Smart
Transformer," in IEEE Transactions on Industrial Electronics, vol. 66, no. 1, pp. 191-202, Jan. 2019. -
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» Non-Resonant MTB DC-DC Topologies - AQAB Converter for MV Modular Inverters

To ensure soft switching for the
entire operation range of the QAB
converter, the Triangular Current-
mode Modulation (TCM) strategy
is applied to the AQAB converter.

Advantages: leakage inductance
deviation has no influence on the
soft-switching operation of the
AQAB converter, but only a small
influence on the transferred power.

The Power processed by the cells of
the CHB can be balanced by using
the AQAB + TCM.

MVAC

phase | |

phase ||
B

r

CHB

QAB

N

7
Dynamic operation of the AQAB showing
variation on the power in the MV cells
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L. F. Costa, G. Buticchi and M. Liserre, '"Quad-Active-Bridge DC-DC Converter as Cross-Link for Medium-Voltage Modular Inverters," in IEEE

Transactions on Industry Applications, vol. 53, no. 2, pp. 1243-1253, March-April 2017, doi: 10.1109/TIA.2016.2633539.
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F. Hoffmann, T. Pereira and M. Liserre, "Isolated DC/DC Multimode Converter with Energy Storage Integration for Charging Stations," 2020 IEEE
Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 2020, pp. 633-640, 2020.
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» Non-Resonant MTB DC-DC Topologies - Semi-DAB Converter (Hybrid Topologies)

! Conventional Solution of FCS Architecture ] Proposed Solution of FCS Architecture
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F. Hoffmann, J. -L. Lafrenz, M. Liserre and N. Vazquez, "Multiwinding based Semi-Dual Active Bridge Converter," 2020 IEEE Applied Power

Electronics Conference and Exposition (APEC), New Orleans, LA, USA, 2020, pp. 2142-2149, 2020.
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» Non-Resonant MTB DC-DC Topologies - Hybrid MAB (H-MAB)
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V. N. Ferreira, N. Vazquez, B. Cardoso and M. Liserre, "Hybrid Multiple-Active Bridge for Unequal Power Flow in Smart Transformers," 2019 IEEE
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Quantitative Analyses and Applications
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» Non-Resonant MTB DC-DC Topologies — Multiport Partial Power Processing Converter (PPPC) for BSS

LVAC , i Operation Modes Advantages: The proposed three-port partial power processing
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F. Hoffmann, J. Person, M. Andresen, M. Liserre, F. D. Freijedo and T. Wijekoon, "A multiport partial power processing converter with energy
storage integration for EV stationary charging," (First Revision), 2020.
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Conclusion and Outlook

Christian-Albrechts-Universitat zu Kiel

U MTB topologies can reduce the required core material around 10%, when the MWT is adopted. As a result, this leads to a cost- and

size reduction when compared to the modular architectures based on the 2WT,.

U Adopting the Asymmetrical MTB topologies instead of the conventional 2WT-based topologies (e.g. multiple DAB and SR converters),

the power density can be enlarged by 30% and the semiconductor device’s cost reduced at least by 15%.

U From the availability perspective, the MTB topologies arise with another potential regarding the inherent fault-tolerant capability,
which ensures the continuous operation of the system.

U The common magnetic core and its resulting coupling might bring specific challenges depending on the Number of Windings and
their arrangement. Thus, the impact of the undesired cross-coupling and the parameter deviation can be reduced by using a proper

winding structure.

U In several application fields, such as EVs, fast charger station, uninterruptible power supply system (UPS), special medicine
equipment, more-electric-aircraft (MEA), data processing (and data center), hybrid grids, solid-state transformer (SST) and others;
contain at least one DC-DC converter for adapting the voltage and/or control the power processed.
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