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Executive Summary

Electrification of always more powerful systemaigially correlated to higher needs in reliabilggrvice
continuity and energy exchanges between sourcebelfield of energy storage systems, these needs a
often addressed by parallelization of batteriesiciwlare automatically disconnected in case of fale
service continuity is thus simply ensured. If thecdnnection of two batteries in parallel is ariansaneous
process well controlled, the connection is a lomgecess more complicated, which requires adaptecp
electronics solutions. Based on a concrete caappication and thanks to simulations, we proposthis
paper to compare different solutions to exchangegnbetween two lithium ion battery systems.

This question has been addressed in the framewaakH?020 European project named ESPRIT “Easily
Distributed Personal Rapid Transit”. In the firgtripof the paper we will present the project andemo
precisely the societal benefits, the main objestaed the first important results. The secondgfdhe paper

will deal with the comparison of power electromnscdutions designed to exchange energy betweerrieatte

Keywords: Li-lon battery, power exchange converters, energy storage
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1 Presentation of ESPRIT project

1.1 Aims of ESPRIT project

The “Easily diStributed Personal Rapid Transit” FEST) H2020 project aims to develop a purpose-puilt
light weight, L category electric vehicle that da@ stacked together to gain space. Thanks to piogee
coupling systems, up to 8 ESPRIT vehicles can kteddogether in a road train, seven being towedari
efficient redistribution of fleets and a smartijydaed and cost efficient transport system. During
redistribution or parking, energy can be exchangeveen vehicles to maximize and secure the sfate o
charge of the first vehicles which will be takerstiby a user.

Redistribution by an operator

¥v" Redistribution of fleet :
* By an operator (road train)
= By auser (2 vehicles)

¥" Parking compactness x 4

¥" 1 charging station per train

ESPRIT driven by a user v’l Battery balancing between vehicles

Figure 1 - Aims of the ESPRIT project

1.2 Societal benefits

It is anticipated that this concept will encouraitezens to use conventional public transport aadltaring
solutions rather than their private vehicles legdmseamless intermodal transport, reduced cangestd
significant reduction of noise and air pollutiors e key to the ESPRIT transport system is thigyatn
redistribute 8 vehicles at a time by a single ojmershe project expects to demonstrate throughlsition
that it is possible to achieve a continuous 90%atvitity rate of vehicles across all stationsl@ést kilometre
and one-way carsharing mode) using less manpowespa@d to current systems which have 50% of station
empty several times a day.
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2 Power electronics problem presentation

Inside each electric vehicle presented just abeedjave a battery system and a power exchangeéosotat
balance energy between vehicles. The objective madximize and secure as far as possible the state
charge of the first vehicle of the road train besgait will be the first one to leave the chargitation. We
can thus optimize the availability of a chargedisiehfor the user.

10.5kW max
>
g = T 5 s T -
Charging Coupling -, Coupling | Coupling
station J-’ . '
\__device ) x = \__idevice | -1 .. ' _device
; E Power & i E Power o
= exchange = | E exchange g
! in solution 3 1 2 solution
! ™ g : =
1 ! x
I Energy Inverter Energy Inverter
i storage Motor i storage Motor
: 15kW max | ! 15kW max
3 — j i :
: VEHICLE 1 VEHICLE 2

Figure 2 - main electrical architecture

The main specifications of the energy storage systed power exchange converter are:

e Li-ion chemistry: LiFePO4

« Unity cells format: 2.3Ah 26650, power cell

» Battery system composed of 12 modules 8S5P inssE29V, 3.5kWh)
e Maximum charge current : 3& 34,5A

« Maximum exchange current ;: 1 11,5A

The main question we will address in this paper is:

Regarding the main criteria, balancing duratiorssé&s and efficiency, volume and weight, cost and
simplicity, behavior in case of short-circuit, whatthe best power electric solution to exchangergn
between LiFePO4 Li-ion batteries?

2.1 Battery model

To perform these comparisons a battery model, winicludes the parameters capacity, internal resista
and voltage versus state of charge (SOC) is used"

Ipack Vpack

i SRR . ettt

LiFePod
3,5kWh battery pack
soc

load current
profile

L ‘ : i s i i
woltads versus 51ate af ¢hargs [S0C)
1S0C 0% i S0C 100%

Figure 3 — Charge discharge battery cycle
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2.2 Comparisons of four different power conversion soltions

In this part, after having detailed what happeneddse of connection between two batteries in lghral
without any adapted power electronics system, vilcampare four solutions. The main objectivestafse
different solutions are firstly to compensate dedénce of voltage between two sources and secaadly
control the current flowing between these two sesirc

To perform the comparisons, we use the followingeaaf study:

« Battery 1 with an initial state of charge (SOCHéb
e Battery 2 with an initial state of charge (SOCP&#6
¢ The balancing sequence is ended when the differ@8©C is less than 10%

2.2.1 Behavior of the system without any control of eneayy

Each battery system is protected against shontitsrand overloads with dedicated fuses. For exenvp
can use for our application a fuse OHEV040 (40AfiLittlefuse, specified with a resistance of alizm2
and a melting energy of 1495 A2s. The length ofcdigle between the two battery systems is estinat2d
m, with thus a resistance of about alsd2nhe internal resistance of each battery is 192 With all these
assumptions the equivalent circuit is the following

IBatt1 VBatt1 lexchange VBatt2 IBatt2

Rfuse2

PLBait2

LiFePod 3.5kWh ’ Losses(W) }

battery pack n°1 s0cC1 soc2 LiFePo4 3.5kWh
S0 ) =00 battery pack n°2

Initial 30C = 0.95 Initial SOC = 0.05

Capacity in Ah=2.3 Capacity inA.h =23

Nbe cell paraligles = 5 Nbe cell paralléles = 5

Nbe cell séries = 96 Nbe cell séries = 65

Serial Resistance AC = 10m Serial Resistance AC = 10m

CELL
CELL

Figure 4 — reference simulations with two batteneparallel

With initial states of charge of 95% and 5%, ttertsig exchange current is higher than 100A.

Voltage and Current versus time

Fuse melts

Voltages Battl and Batt2 (V)

Titre de l'axe

----- IBattl -===-|Batt2 e— ' Battl —/Batt2

Figure 5 - waveforms without limitation device
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With these simple simulations we can easily undecsthat the current is here only limited by thernal
resistances of the two battery systems, which arehnhigher than the wiring resistances. Without any
external control of the current, the fuse melts/\varickly in less than 1s. To bear such currentscauld
oversize the fuses to allow the exchange of cusr@&hit the high current levels (up to 10C) genettagemal
losses inside battery systems and has an impdwttery life time.

In this reference simulation we can calculate batantime and energy losses:

- Balancing time 2600 s

- Energy exchanged5147kJ (1429Wh)

- Losses inside the two battery systeri60 kJ
- Losses inside cablingli794J

2.2.2  First control solution: full power bidirectional DC /DC boost converters

High Voltage DC bus to exchange energy

SOCBatt1 S0CBatt2

+CEL
+CEL

S0G S04

PILK11

Battery 1 Battery 2

ELL
ELL

-+ Figure 6 - solution 1

The first solution proposed to exchange energyselation with two bidirectional converters whicarche
used in boost (direct) or buck (reverse) modesiristance, a solution to exchange energy betweérriga
1 and Battery 2, if the voltage level of Batteris higher than voltage level of Battery 2, is tosd K12, to
open K11 and to use K21, K22 in buck configuratioode.

Voltage and SOC versus time Energy losses and current versus time
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Figure 7 - waveforms solution 1

Unfortunately, the two converters can't be useprtdect the system against short circuits on tgh foltage
bus. Because of the diodes D12 or D22 the curflawting through the converter can'’t be interruptédth

an estimated efficiency of 97.5% (2% of lossefi@édonverter and 0.5% in the switch K12), we cécutate
balancing time and energy losses:

- Balancing time 1455 s

- Energy exchanged200 kJ (1447 Wh)

- Losses inside two batteries systertig1 kJ
- Losses inside converter431 kJ
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2.2.3 Second control solution: full power bidirectional DC/DC buck converters

In the configuration with two bidirectional buckrogerters, each converter could be either usedreithe
buck mode (direct) or in boost mode (reverse)oléton to exchange energy between Battery 1 arttbéBa

2, if the voltage level of Battl is higher thantegle level of Batt2, is to close K22, open K21 amdse the

switch K11, K12 in buck configuration mode.

S0CBatt1 SOCBatt2

PILK1Z

PILK11

Figure 8 — solution 2

In contrast of the previous solution, the two caters can be used to protect the system againdt@tauits
on the high voltage DC bus. With an estimated iefficy of 97,5% (2% of losses in the converter as&0

in the switch K12), we can calculate balancing tand energy losses, which are the same as in ¢veops
case.

2.2.4  Third control solution: “low power” isolated bidir ectional converters

High Violtage DC bus to exchange energy

i
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Figure 9 - solution 3

In this configuration the idea is to design a snpalver converter, sized only for the voltage défere
between the battery packs. The power is much lofvédridirectional isolated power converter is uskd.
allows a voltage conversion on each battery padth ¥/correct regulation, the current exchanged/een
Battery 1 and Battery 2 can be easily controll@tde drawback is that this system, without any other
modification, can't be protected against shortugirc
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Voltage and SOCversus time Current and energy losses versus time
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Figure 10 - waveforms solution 3

The losses inside the two converters are very low,

comparison of the energy exchanged. The main lomses Innstantaneous and mean power in converters
located into the two batteries. At the beginning tioé 600

exchange, only the converter 2 is used to createltage 500

difference and then limit the current. During tpisase the Converter 2 Converter

= 400
switches K11, K12, K13, K14 stay closed and areduee | =

synchronous mode to minimize the losses. At theodribis | = zzz

phase, when the voltage difference is too low ttaiobthe
right level of current, the converter 1 is usedreate a higher| ™ —]
voltage difference. It allows to continue to pukk turrent 0 , . 1000 o o

in Battery 2.

Time (s)
The peak power transmitted by converters is abOGW\G

. . —PCVS PCVSmean
whereas the mean power is less than 1(8¥¢ figure 11)

Figure 11 - power in converters

With an estimated efficiency of about 95% (5% afsles in the converters and XQrio take into account of
the closed switches in synchronous modes), we @lanlate balancing time and energy losses:

Balancing time 1455 s

Energy exchanged5150 kJ (1430 Wh)
Losses inside two batteries systertid3 kJ
Losses inside converterg,2 kJ

We can remark that the losses inside convertergegiydow in comparison with the previous solutiohkis
can be explained by the optimized power of thetamitand by the very low resistance of power MOSFET
in synchronous mode.
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2.2.5 Fourth control solution: “low power” regulated modules

1 module

n module

High Voltage DC bus to exchange energy
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Figure 12 - solution 4

In this configuration each battery is divided iti@ parts. A first part with n modules in series1f in our
case) and a second one with only one module as$sdaiath one converter. Like in solution 3, coneest
are sized to compensate only the differences ¢agelbetween batteries and not for the all voltagesthe
main problem of this solution is the need of a #memodule with also a specific software algorithar

SOC calculations and balancing. This solution nat be more detailed in this paper.

2.2.6  Fifth control solution: linear regulators

High Voltage DC bus to exchange energy

linear device
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50C
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Figure 13 - solution 5

Battery 2

In this configuration, we use the flat curve (vgkaversus SOC) of Lithium-ion Iron Phosphate bigtseaind
we try to evaluate if there is an interest to usepke bidirectional transistors in linear mode itmit the

current. Arelay is added in parallel to optimike serial resistance when the switch is complefelyed.
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Figure 14 - Simulation of current exchange with tolu5
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In this last configuration we can calculate balagdime and energy losses:

- Balancing time 2900 s
- Energy exchange®177kJ (1438Wh)

- Losses inside two battery systen®6:kJ

- Losses inside converter§6kJ

The main drawback of this solution is the balanging which is higher than with converters solutiohhat
can be explained, by the impossibility to createdificial voltage difference between battery Hdmattery
2, to accelerate the energy exchange. Howevesadhitsion has many advantages. It seems to bertipdest
one, it presents a high efficiency and it allowditait the current in case of short circuit. Theisg of

limitation device must be precisely studied, esglcregarding transient thermal considerations.

2.3 Results of the comparisons

Solution 0 Solution 1 Solution 2 Solution 3 Solution 4 Solution 5
Reference High power High power Low power Low power “Linear
simulation boost boost isolated regulated regulator”
without any converters converters bidirectional module
current converters
limitation
Max/mean power of balancing device (W) | No limitation 3974/ 3532 3974 / 3532 500/ 74 NE(*) 10000/ 1785
Losses in battery systems (kJ) 160 141 141 143 NE(*) 96
Losses in balancing devices (kJ) No device 131 131 7,3 NE(*) 66
Energy exchange (kJ) 5147 5200 5200 5150 NE(*) 5177
Mean estimated efficiency (%) NE 97,5 97,5 99,8 % NE(*) 98.7
Balancing duration (s) 2600 1455 1455 1438 NE(*) 2900
Short circuit limitation No No Yes No No Yes
Complexity NE(*) ++ ++ +++ +++ +
Volume, weight, cost NE(*) +++ +++ + ++ +
Specific module No No No No yes No

*NE=non estimated

Figure 15 - comparison table between solutions

The two preferred solutions are the solutions 3mnahich seems much more efficient than the othidrs
solution 3 will be implemented in the next montAswo stages topology with a first isolated fixeatio
converter and a second bidirectional buck-boostedar will be evaluated.
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3 Impact of battery technology and usage on the prefeed solution

The battery technology and the usage have an ingrathe preferred solution because the sizing ef th
balancing device is directly linked with the follag criteria:

- Specification of balancing time (usage)

- Usage of the battery (micro-cycles or cycles) whinpact the voltage variation

- Battery technology which impacts directly the cunadtage in function of SOC and thus the
maximum power of the balancing device

4 Conclusion

In this paper, we compared different solutionsxchange energy between high voltage iron phosghate
ion (LiFePO4) battery packs. Two of them seem \metgresting for our application (see table figui.1
The solution 3 “Low power isolated bidirectionaheerter” presents a very high efficiency and igaiaty
the most compact one. The only important drawbadtsiimpossibility to protect the system agairmirs
circuits by limiting the current. The solution 5ifiear regulator” is certainly the simplest one, anekents
an efficiency higher than standard solutions witlckoor boost converters for iron phosphate Lithiiom-
batteries. It allows to protect the system agashstt circuits. However the transient thermal atpewist be
studied carefully in order to obtain a performasitiion.
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