N

N

Optimal sizing of a power electronic traction
transformer for railway applications
Caroline Stackler, Florent Morel, Philippe Ladoux, Alexis Fouineau, Francgois
Wallart, Nathan Evans

» To cite this version:

Caroline Stackler, Florent Morel, Philippe Ladoux, Alexis Fouineau, Francois Wallart, et al.. Op-
timal sizing of a power electronic traction transformer for railway applications. 44th Annual Con-
ference of the IEEE Industrial Electronics Society, Oct 2018, Washington, DC, United States.
10.1109/TECON.2018.8591686 . hal-01969245

HAL Id: hal-01969245
https://hal.science/hal-01969245

Submitted on 11 Apr 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01969245
https://hal.archives-ouvertes.fr

Optimal sizing of a power electronic traction
transformer for railway applications

Caroline Stackler*T, Florent Morel ¥, Philippe Ladoux*, Alexis Fouineau'¥, Francois Wallart®, Nathan Evans'
*Université de Toulouse, INPT, UPS, CNRS, LAPLACE (Laboratoire Plasma et Conversion d’Energie)
F-31000 Toulouse, France
ITE SuperGrid Institute SAS, Villeurbanne, France
Email: caroline.stackler @supergrid-institute.com
jFUDL, Ecole Centrale de Lyon, Université Claude Bernard Lyon 1, CNRS, Ampere,

F-69130, Ecully, France

Abstract—Many works are dedicated to power electronic
transformers in order to replace line frequency transformers.
These new converters offer many degrees of freedom to the
designer (switching frequency, magnetic material, rated voltage
for switches...). This paper presents a methodology to optimize
the sizing of such power converters in order to compare different
topologies for a given application. The proposed procedure
maximises the efficiency of the converter under a limited volume.
In this paper, the methodology is applied to compare different
topologies of power electronic traction transformers (PETT) for
railway applications. The considered case is a 2 MW converter
supplied by a 25 kV-50 Hz catenary. The procedure is illustrated
in simulation on a converter with 3.3 kV SiC switches. The
best obtained efficiency is 98.9 % with 23 medium frequency
transformers (MFT) of 28.6 L each.

Index Terms—power electronic traction transformer (PETT),
solid state transformer (SST), AC-DC multilevel converter, rail-
way, traction, medium frequency transformer (MFT), optimisa-
tion, comparison

I. INTRODUCTION

Currently, on-board converters on AC railway infrastruc-
tures are generally constituted by a low frequency step-
down transformer (LFT), insulating the converter from the
infrastructure voltage and lowering the supply voltage [1].
The output low AC voltages are transformed, by rectifiers
connected on each secondary of the low frequency transformer,
into DC voltages on the traction DC buses. Then, three phase
inverters supply the traction motors and auxiliaries from the
traction DC buses (Fig. 1(a)).

However, because of its low operating frequency (typically
16,7 Hz or 50 Hz), the input transformer is quite bulky and
has a limited efficiency [1]. In order to increase the space
for passenger accommodation, in particular on regional trains,
a reduction of the converter volume is expected. As smaller
transformers can be obtained with higher operating frequen-
cies, new architectures of on-board converter including MFTs,
called PETT (Fig. 1(b)), are studied to replace the current
on-board converters [1]-[5]. However, to our knowledge, no
procedure to size and compare different structures has been
developed in the literature. Moreover, thanks to the develop-
ment of high voltage SiC MOSFETs [6], SiC MOSFETSs can
be used instead of Si IGBTs in PETT topologies to increase
the operating frequency without reducing the efficiency of the

converter [7]. Thus, a methodology has to be developed to size
PETT topologies in order to compare them, and, in particular,
to confirm or refute the relevance of SiC MOSFETs utilisation
in this application.

Different topologies of PETTs can be used to replace
the converter with low frequency transformer. The classical
diagram, shown on Fig. 1(b), is composed by an AC-AC
conversion, elevating the frequency of the supply voltage to a
few kilohertz. To withstand the supply voltage (typically 15 kV
or 25 kV), several converters have to be connected in series
on the catenary side. Then, the insulation of the converter and
the step down in voltage are realised by a medium frequency
transformer. On the secondary, the medium frequency AC
voltage is transformed by a rectifier to supply the traction bus.

PETT topologies can be realised by different types of
variants, defined by several structural elements:

« the general structure, usually sorted into direct or indirect
topologies [3]. In direct topologies, the AC-AC conver-
sion between the AC supply and the medium frequency
transformer is achieved without intermediate DC buses,
typically using matrix converters [8]. On the contrary, in
indirect topologies, the AC-AC conversion is composed
first by AC-DC converters in series on the AC side, such
as cascaded 4Q converters, delivering DC-voltages on
intermediate buses. DC-AC converters, such as H-bridges
[9], [10] or half bridges [11], [12], then, convert the DC
bus voltage into AC medium frequency voltage, supplying
the primary of MFTs.

« the technology and the rated voltage of switches for every
sub-converter: SiC MOSFETs, Si IGBTs...;

o the numbers of subdivisions (Fig. 1(b)): m, the number
of AC/AC elementary converters connected in series on
the catenary AC side, n, the number of MFTs and p, the
number of AC-DC elementary converters connected in
parallel on the traction bus. m, n and p can be different if
multiwinding transformers are used. For example, m = 6
andn=p=3in[lI0Jorm =8 and n=p=11in [13];

o the structure of elementary converters, e.g. two or three
levels, full or half bridges...;
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Fig. 1. Diagram of on-board converter topologies

o the structure of the AC-link of the insulated DC-DC
converters: non-resonant, resonant, single-phase, multi-
phase;

« the reversibility of the DC-DC converters: either dual ac-
tive bridge (DAB) [14], when both primary and secondary
are controlled, or “single active bridge” when only one
bridge is controlled (primary bridge in traction mode and
secondary bridge in braking mode).

One of the main limits of on-board converters is the losses,
and thus, the cooling system requested to dissipate them. Thus,
in the optimisation presented in this paper, the main criterion is
the efficiency of the converter. In regional applications, as the
converter is either under the frame or rooftop-mounted and,
therefore, impinges on the space for passengers, its volume is
also critical.

For direct topologies, the handling of the zero crossing of
the current makes the control complex, in particular at low load
[5]. Moreover, soft switching operations can be achieved in
indirect topologies. Thus, the following study and comparison
of PETT topologies for railway applications will be focused
on indirect topologies, only.

The optimisation process is limited to indirect topologies
with m = n = p, to focus on modular structures. Only
full bridges are also considered, because of the rating of the
available power modules. Afterwards, an insulated AC-DC
elementary converter will be called a power electronic building
block (PEBB). The general diagram of these topologies is
shown in Fig. 2.

In this paper, a methodology to size PETTs in order to
compare different topologies is developed. In a first section,
the process to analyse and size the different variants and
compare them will be detailed. The assumptions and equations
used for the calculations will, in particular, be defined. The last
section is dedicated to an application case. Some conclusions
and perspectives will then close the paper.
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Fig. 2. Diagram of indirect topology of PETT with m =n =p

II. TOPOLOGY OPTIMISATION METHODOLOGY

A. General approach and hypothesis

The general approach of the sizing of each variant is de-
scribed in Fig. 3. Each step will be developed in the following
subsections. The losses in the capacitors will be neglected for
the optimisation.

First of all, the nominal voltage of the intermediate buses,
Vint, 1s determined in function of the highest admissible
failure in time (FIT) rate of the switches of the input AC-
DC converter, called an active front end converter (AFEC)
afterwards. The number of PEBBs, m, is calculated in function
of Vi, the maximum infrastructure voltage, Vac maz, given
by standard [15], the redundancy, and a margin, including the
voltage at the terminals of the input filter.

Then, the frequency of the DC-DC converter, fpc—pc, 1S
optimised to minimise the losses both in the switches and in
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Fig. 3. Global flowchart of the comparison of PETT topologies

the MFT. Next, the capacitors on the intermediate buses are
sized and the losses in the AFEC are calculated.

Afterwards, appropriate heatsinks and the cooling system
have to be sized roughly to ensure the desired case tempera-
ture. If this phase results in an aberrant or infeasible cooling
system, the study is carried out a second time with a higher
case temperature corresponding to a feasible cooling system.

The global efficiency of the structure is then calculated.
The mass and the volume of the structure are estimated. After
that, the same methodology is applied on the other topologies.
Once all the components of the structures are sized, they can
be compared on different criteria.

Once the topologies of electronic transformers are sized
to optimise the efficiency, the cost, volume, mass, intrinsic
reliability, and availability have to be estimated thanks to
a “bottom-up” approach. Thus, breaking up the converter
into elementary sub-systems and basic components, a rough
estimation of the cost, the availability and the mass of each
component can be made.

In power applications, the components with the highest
failure rates are power modules, gate drivers and capacitors
[16], [17]. Thus, the intrinsic reliability can be only evaluated
for these components, analysing their FIT rate and the number
of each of them.

Contrary to the mass of the converter, it has little sense to
consider only the individual volumes of the components, as
the volume is mainly constraint by the insulation distances.
However, the first step is to assess the volume of each
component, either from manufacturer data or calculations.
Then, some insulation distances can be taken into account
by filling coefficients to estimate roughly the volume of the
converter.

B. Insulated DC-DC optimisation

1) MFT sizing: The first step of the DC-DC optimisation
is the sizing of the MFT for each frequency. To do this, the
tolerated range of the leakage inductance, L7, is calculated
in function of the power of the DC-DC, Ppc—pce, and either
the realisable phase-shift, J in radian or the corresponding time

ts = —, in term of control, between the primary and secondary
bridggé in DAB mode (see (1) in resonant mode [18] and (2)
in non resonant mode [19]) or the tolerated increase of the
intermediate DC buses voltage otherwise, as developed in [18],
[20].

8Vvintmraction .
Ppc_pc = é 1
DC-DC WzktZR—DAB(w)Sm( ) (1)
Vvint‘/;fraction o
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'DC—DC T Dan (@) ( - ()

where w and w,..s are respectivelly the switching frequency
of the DC-DC and the resonant frequency of the AC-link
in resonant mode, Zr_pap = wLyrr (1 - (“’%)2) and
ZNR-DAB = wLjrpr are respectively the impedances in the
resonant and non resonant DABS, V},qction 1S the traction bus
voltage (Fig. 2) and k; is the transformer turns ratio.

Then, several pre-designs of MFT are analytically calculated
thanks to the improved generalized Steinmetz equations [19],
[21] and taking into account skin and proximity effects in the
windings thanks Albach 1D models described by equations
(27) and (28) from [22]. The inputs are the frequency, the
insulation voltage depending on the catenary voltage [15],
the voltage and current waveforms, analytically calculated in
function of the power, the DC-DC structure and the optimal
leakage inductance (1) or (2). Each pre-design corresponds
to a different set of values of induction inside the material,
current density inside the windings and number of turns. A
selection is applied on the results to eliminate unacceptable



designs in term of volume, power density, leakage inductance
or maximum temperature. Finally, the MFT with the best
efficiency validating these criteria is selected.

2) Calculation of the losses in the switches: Once the
medium frequency transformer has been sized, the losses in the
switches can be calculated. The insulated DC-DC converter is
controlled to operate in zero voltage switching (ZVS) mode
[18]. As switches have not been dynamically tested in soft
switching, the turn-on losses will be neglected in ZVS mode.

The junction temperature is initialised at the case tem-
perature. For this temperature, the switching and conduction
losses are calculated in function of the characteristics of
the switches, the switching frequency and the switched and
RMS currents, which depend on the structure of the DC-DC
converter (resonant/non-resonant, two/three levels, full/half
bridges...) [23], [24].

The thermal power corresponding to the heating of the
switches is then estimated both at the primary and at the
secondary of the insulated DC-DC converter. To do that, it is
assumed that the case is maintained at a constant temperature,
Tease, by the cooling system. Then, the theoretical maximal
dissipated power, P;p,, can be calculated in function of the
thermal coefficient, I, j., between the junction of the die
and the case (3).

T'unction - Tcase
Py == 3
th Renye (3)

If the calculated theoretical power, P, dissipated at the
junction temperature is lower than the losses in the switches,
the junction temperature is increased and the calculation of the
losses in the switches reiterated until the thermal steady state
is reached. If the junction temperature oversteps a maximum
temperature, defined in function of the switches, two power
modules are connected in parallel and the calculation is
computed again.

3) Optimisation of the DC-DC frequency: Once the DC-
DC converters has been sized for all the frequency range, the
switching frequency assuring the highest efficiency of the DC-
DC converter is determined.

C. Calculation of the losses in the AFEC

The AFEC switches are controlled by phase-shifted pulse
width modulation (PWM) to reduce the total harmonic distor-
tion (THD) [25]. Thus, harmonics are rejected into the cate-
nary at frequencies centred around multiples of 2mfarpc,
where fappc is the switching frequency of the AFEC. In
order to comply with standards [26] and railway company
templates, farpc has to be chosen to eliminate harmonics
at some frequencies, such as frequencies used for track sig-
nalling.

Once the DC-DC converters is sized, the losses in the
AFEC switches are calculated for the maximum current, i.e.
at nominal power and minimum supply voltage [23], [24].

As for the sizing of the DC-DC converters (see subsec-
tion II-B2), the calculations are carried out until thermal steady
state is reached.

D. Sizing of the intermediate capacitors

On the AC side of the AFEC, the instantaneous power
supplied to the converter is the sum of a constant term and
an alternating component at twice the network frequency. On
the DC side, the power drawn by the DC-DC converters is
constant. Thus, the fluctuating power has to be absorbed by
the intermediate capacitors, resulting in ripple in the DC bus
voltage.

These ripples rejected into the catenary by the AFEC
switchings, generates low frequency harmonics. Moreover, if
the ripple is too important, the reliability of the AFEC switches
can be reduced due to overvoltages. Thus, to comply with
harmonic standards [26] and to avoid lowering the reliability,
the capacitance, C;,¢, has to be sized to assure a minimum
voltage ripple AV;,; on the intermediate buses (4) and (5).

QZi 67'P ?
Py = PO\/ 1+ (T;‘L ‘lftjc 0) 4
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The capacitance, Cj,¢, is sized in steady-state, i.e. for a
power factor of 1. Py and Pyy, are respectively the nominal
and ripple powers of the converter, AFEs¢, the ripple energy,
Vac, the supply RMS voltage, Z iz, the impedance of the
input filter, either a inductor (Fig.2) or a LCL filter [27], wy,
the network frequency, and m, the number of elementary AC-
DC converters in the AFEC.

ITI. APPLICATION
A. Presentation of the considered variant

The optimisation process presented in section II is illustrated
on a variant. The cost, reliability and availability are not
estimated in this paper. The AFEC is composed by cascaded
two-level H-bridges. The DC-DC converters are resonant DAB
(R-DAB) with a resonant frequency, f,.s, smaller than the
switching frequency fpap f;ju; :0.85). Both primary
and secondary are realised by two-level full-bridges. 3.3 kV
SiC MOSFETs without anti-parallel diodes are used both in
the AFEC and in the DC-DCs. The drain-source on-state
resistance and the switching energies used for the calculations
come from [6]. The repartition between turn-on and turn-off
energies has been extrapolated from the values at 450 A given
in Table 3 of [6].

The targeted converter is a 2 MW electronic transformer
converting a 25 kV-50 Hz voltage into a 1.8 kV DC voltage.

B. Optimisation results

To comply with 3.3 kV MOSFETsS FIT rates, the intermedi-
ate bus voltage has been chosen equal to the traction voltage,
ie. 1.8 kV. Thus, a minimum of 23 PEBBs is requested to
withstand the supply voltage.

First of all, different designs of MFTs with Litz wires, resin
insulation, forced air cooling and either nano-crystalline or
ferrite core, have been compared for frequencies from 1 kHz
to 15 kHz. Designs with a volume higher than a maximum
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Fig. 4. Losses in the R-DAB in function of the frequency at the nominal
power (Ppgpp = 87 kW). For each frequency, the MFT with the best
efficiency, complying with the constraints, has been chosen.

volume defined to comply with the reduction of the total
volume of the converter, i.e. 30 litres each transformer in this
application, have been eliminated. Only designs with a leakage
inductor for a s higher than 2 us (1), have been kept. Then,
for each frequency, the design with the highest efficiency at
nominal power, satisfying these constraints has been selected.
At the lowest frequencies, the MFTs with the best efficiencies
have a nano-crystalline core. At higher frequencies, ferrite core
MFTs give the best efficiency but operate at lower induction.
The losses in the selected MFTs are shown in Fig. 4 for
frequencies between 1 kHz and 15 kHz. The efficiency of
the transformer is limited by the volume constraint at low
frequency. One can, in particular, notice that no design of MFT
complied with the constraints for an operating frequency of
1 kHz: either the MFT was too bulky or the leakage inductor
did not satisfy the specification.

Then, the losses in the primary and secondary bridges of
a DAB are analytically calculated for every frequency in
function of the leakage inductor of the selected MFTs and
the resonant capacitor. The calculations are validated in simu-
lation. An example of the current in the primary of the MFT is
shown in Fig. 6. The switching and conduction losses and the
total losses in a DAB are shown in Fig. 4 in function of the
frequency. The conduction losses in the switches are dependent
on the junction temperature. However, even if the total losses
increase with the frequency, the increase of the temperature is
rather small. The conduction losses are thus almost constant.
On the other hand, as leakage inductances are constrained,
the switching currents do not vary much in function of the
switching frequency. As the junction temperature is not taken
into account to calculate the switching losses, they rise nearly
linearly with the frequency.

In low frequency, the volume constraint on the MFT limits
the total efficiency of the DAB. For higher frequency, on the
other hand, the efficiency is limited by the switching losses in
the primary and secondary bridges. The frequency matching
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Fig. 5. Diagram of the chosen MFT. Core in dark grey, primary and secondary
windings respectivelly in blue and red, resin in light grey.

the best efficiency of the DAB is then a compromise between
the power density of the MFT and the increase of the switching
losses with the frequency. This frequency, i.e. 4 kHz in this
case, will be used afterwards.

Schematic front and top views of the chosen medium
frequency transformer are represented in Fig.5. One can
especially notice the important share of resin compared to
windings. This is due to the fact that every MFT has to
withstand the whole catenary voltage.

The losses in the AFEC for a switching frequency of
450 Hz, and then the total losses in the converter are calculated
at the nominal power. Fig. 7 shows the repartition of the losses
in one PEBB of the converter. The parameters of the optimum
PETT are listed in Table I.
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One can notice conduction losses much higher in the AFEC
than in the DAB primary and secondary. This is due to the
higher RMS current in the AFEC (i.e. 80 Agyss in the AFEC
compared to 43 Agras in the DAB), as the ripple power
flows through the AFEC but not through the DAB for well-
chosen intermediate capacitances (see subsection II-D). The
gap between AFEC and DAB conduction losses is wider, as the
MOSFET on-state resistance increases with the temperature.
One can also see that the switching losses in the AFEC and
the DAB primary or secondary are commensurable, even if
the AFEC switching frequency (i.e. 450 Hz) is almost nine
times smaller than the DAB switching frequency (i.e. 4 kHz).
However, as the DAB operates in ZVS mode contrary to
the AFEC, only the turn-off losses contribute to the DAB
switching losses. As the currents in the primary and secondary
switches are the same, the small difference between the
switching losses in the primary and the secondary of the R-

600 ‘
Il Switching losses
500 - Conduction losses ]
Il Core losses
§ 400 Copper losses 1

Fig. 7. Repartition of the losses in one PEBB at the optimum frequency
(fpap = 4 kHz) and the nominal power (Ppgpp = 87 kW)

TABLE I
CHARACTERISTICS OF THE CHOSEN DESIGN OF PETT

Number of PEBBs

Intermediate capacitances

AFEC switching frequency

DAB optimum switching frequency
MEFT materials

m=n=p=23
Cint =1.7TmF

farec =450 Hz
fpap=4kHz
Nano-crystalline

Diameter of a strand of a Litz wire 0.1 mm
Number of strands in a Litz wire 3000
Maximum induction By =08T
Number of turns N1 = Nog =32
MFT leakage inductance Ly =239 uH
Resonant capacitance Cres = 9.2 uF
Total efficiency of the converter n =989 %
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Fig. 8. Efficiency of the converter at the optimum frequency (fpap =
4 kHz) in function of the power drawn by the converter

DAB is only due to the fact that the primary do not switch at
the same moment, thus do not switch the same current than
the secondary.

Then, the efficiency of the PETT has been calculated for
different power levels from the nominal traction power, i.e.
2 MW (1.65 MW for traction and 350 kW for the auxiliaries)
to nominal braking power, i.e. -1.3 MW. The results are shown
in Fig. 8.

The minimum capacitance on the intermediate buses has
been calculated in steady state, i.e. for a power factor of 1,
and for a maximum ripple of 5 % of the nominal intermediate
voltage (5). The resulting 1.7 mF capacitor can be realised
thanks to film capacitor technology with a typical volume and
a mass of approximatelly 9 L and 15 kg, respectivelly [28].

Table II gathers the number of elements and a rough
estimation of the volume and the mass of the main components
for a further analysis.

IV. CONCLUSION

A methodology to design and compare on-board power
electronic transformers for railway applications has been pre-
sented. The specifications and the range of the study have been
exposed in introduction. Then, the process proposed to opti-
mise the design of every topology variant has been developed.



TABLE II
ESTIMATION OF SOME PARAMETERS OF THE CHOSEN DESIGN. THE
VOLUME AND MASS ARE GIVEN FOR ONE COMPONENT AND FOR ALL
COMPONENTS IN BRACKETS.

Components Number of | Volume Mass
components

SiC power modules 0.7 L 0.8 kg

(3.3 kV MOSFET) 276 (193 L) | (221 kg)

and gate drivers

Intermediate 23 9L 15 kg

capacitances (207 L) | (345 kg)

MFTs 23 28.6 L 44.8 kg
(658 L) | (1030 kg)

The first step consists in determining the switching frequency
of insulated DC-DC converter to optimise its efficiency under
volume constraints. Then, the losses in the total converter are
calculated and other criteria, such as volume and the mass
have been estimated to compare PETT variants.

An example is then presented on a 2 MW electronic
transformer built with 3.3 kV SiC MOSFETs. In particular,
the repartition of the losses in the optimum design is exposed.

V. PROSPECTS

In this paper, the optimisation of the design is made for the
nominal power of the converter. However, for some typical
railway applications, such as regional trains, the power drawn
by on-board converters can be highly variable. Thus, it could
be interesting to optimise the design of PETT taking into
account the variations of the power on a typical route.

It has been considered that, when in soft switching, the
turn-on losses in ZVS mode can be neglected. However, this
hypothesis should be validated or improved by soft switching
characterisations of MOSFETs. Moreover, to improve this
study, the case when the DC-DC converters operate in hard
switching mode, i.e. when the current drawn by the converter
is not sufficient to ensure ZVS operation, should be taken into
account. Thus, the impact of the magnetizing current, which
was neglected here, should be analysed [29].

The input filter, typically a LCL filter [9], [27] or an
inductor, has also to be sized to comply with the circuit
breaker, control specifications, harmonic standards and the
tolerated psophometric current [26], [30].

The SiC MOSFETs with high breakdown voltages, which
are considered in this study, are still being developed. Thus,
only few data are currently available and the results of this
methodology are highly dependent on the validity of these
data and the approximation made from them. Hence, it has to
be taken into account when comparing the results.

Then, the cost performance analysis should be carried
on each structure to determine some characteristics of the
converter, such as the cost, the availability, the reliability or
the volume.
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