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Optimization of electrical energy storage system
sizing for an accurate energy management in an
aircraft

P. Saengg, N. Devillers, K. Deschinkel, N.C. Péra, F. Couturier, I. Gustir

Abstract—The development of More Electrical Aircrafts leads
to the adaptation of their electrical architecture and their
capacity of power generation and storage. Thereforegeneration
and storage systems must be well-sized to match thenergetic
performances versus the vehicle requirements. Thigaper deals
with the optimal sizing of storage systems (secondabatteries
and supercapacitors) for an aircraft. In this particular
application, the global weight of the whole storagsystem must
be minimized. An optimal sizing tool has been devabed to reach
this objective by acting on setting parameters whit are the cut-
off frequency of the low-pass filter (to share outthe mission
profile between storage systems according to an egg
management based on a frequency approach), the dsrge ratio
for storage components (in relation with their tecimological limits
and the electrical network specifications) and temgrature
(which can be seen as an environmental constrainsavell). The
optimization results, obtained with the simulated anealing
method implemented in Matlab®, are presented and agssed
throughout the whole temperature range. Finally, tle impact of
setting parameters on the global storage system vgéit is studied
and an adaptation of the energy management strategys
presented to take into account the temperature inflence on
battery performances.

Index Terms—  Electrical Energy Storage System;
supercapacitor; secondary battery; sizing; optimizéion; energy
management; embedded electrical network

I. INTRODUCTION

I n More Electric Aircraft (MEA), the embedded elécai
power is higher and higher due to the electrifaatiof
auxiliary systems [1]. To provide the growing eretig
requirements, Electrical Energy Storage SystemsSE&FEare
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integrated in new electrical architectures in campnt to
usual generators of electrical energy. In some aijoer
modes, such as engine start, taxiing time or ébattr
emergency back-up, EESS can be the only availabless in
the aircraft. Therefore, they provide all or som¢he required
energy, depending on the hybridization rate and tloa
mission profile. Moreover, EESS can also be usdful
improve the reliability, the stability and the qtylof the
electrical network. Thus, they contribute to the-baard
energy management.

In our aeronautic application, the embedded EESS ar
supercapacitors and secondary batteries becaustheaf
complementary characteristics, which are summeith agfirst
part. Then, the considered electrical system, dioly EESS,
is presented. In the third part, a method is dadafor the
optimal sizing of EESS. After a presentation of #iging
results, their relevance is assessed and the intftuef setting
parameters is analyzed in the last part.

In literature [2], [3], [4], authors suggest sizihgols for
supercapacitors or secondary batteries, whereamdystorage
system is sized at a time and with one pre-chosdinlo a
previous work [5], a tool was developed to sizehtBESS in
parallel by choosing the appropriate cell amon@deaty and
by acting on the dispatching of the energetic negoents
between storage systems, through the cut-off frecpef a
low-pass filter, used for the energy management.

In this paper, the previous sizing method (devedope[5]) is
improved with an optimization algorithm. The aim tbfis
updated sizing tool is to reduce the global storagstem
weight, by taking into account several constraints
(environmental and electrical ones) and by adjgssome
parameters, such as the discharge ratio of sta@yeonents,
the ambient temperature and the cut-off frequenmmf
energy management strategy.

Il. ENERGY STORAGE SYSTEMS IN AIRCRAFT

Recent developments in electrical DC distributiornpower
electronics and in storage systems are more ande mor
implemented in aircrafts [1]. Thanks to the inteigmna of
Electrical Energy Storage Systems, the hybridiratibpower
sources, the energy recovery and the electricaplgum
specific flight phases become possible. They algarove the



VPPC - PID1167078

electrical system reliability. For instance, theeBw 787 was
the first aircraft to embed a Lithium-ion batte@ther studies
concern the implementation in some aircrafts of §ESich as
Lithium-ion battery [6] and supercapacitor bank [7]

Our aeronautic application needs to embed eneayags
components, which can provide or recover electrmaler.
Two EESS:
batteries, were chosen because they are complem¢gBia
[9]. First of all, their energetic performancesdsific energy

and power) complement one another, as seen usually

Ragone plots [10], [11]. For supercapacitor or Detlayer
Capacitor (DLC) systems, the specific energy isveet 5

and 15 Wh.kg and the specific power is between 800 anc
2,000 W.kg!. As for Lithium-ion Polymer secondary battery

systems, the specific energy is between 120-14k\¢hand
the specific power is between 10-1,000 Wtkg

Moreover, supercapacitor and Lithium-ion Polymettdrg
are complementary on other characteristics, sudtisaharge
time, life duration (number of cycles), energefiiceency and
auto-discharge rate. The discharge time for supexgsors is
rather low (about few seconds [10]) in comparisathwether
storage systems, such as Lithium batteries. Thisithdrge
time is about several minutes or hours and dependthe
discharge current-rate. The life duration of a iLith battery is
higher than the lifetime of Lead or Nickel battstibut lower
than the supercapacitor’s one. Indeed, the numbeyates is
around 1,500 for Lithium-ion Polymer batteries dratween
100,000 and 500,000 for supercapacitors [9]. Bdtlihese
storage components have a good energetic efficieviugh is
between 95 and 98% for a supercapacitor, and ¢t0$6€0%
for a Lithium-ion Polymer battery (because of thenn
aqueous electrolyte). This kind of battery also &dsw auto-
discharge rate, which is between 0.1 and 0.5% awlagreas
the supercapacitor auto-discharge rate is more rit@poand
about 5% a day [11].

A graphical comparison of these storage systems
suggested in [5] through a spider web diagram afinkdevel
scale, where the fifth level indicates the bestfqrarance.
This diagram is given in Fig. 1 and is completedhwa
seventh criterion, which is EESS behavior according
temperature. In fact, characterization resultssgméed in [12]
and [13], show that supercapacitors and Lithium{mtymer
batteries can be associated because their perfoesaare
complementary, and particularly at low temperature.

Ill.  THE ELECTRICAL POWER SYSTEM ABOARD THE AIRCRAFT

In the next paragraphs, the embedded electricalepo

system, which is composed of DC bus, converteexjdcand
sources, and storage components in particulargeseribed.
Then, the strategy to dispatch load requirementsvdsn
available sources is explained.

A. Electrical power system

Generally, aircraft electrical systems include desifor the
electrical energy generation, storage,

supercapacitors and Lithium-ion Polymel

conversiond arespecting

Specific
energy
s

~-BAT LiPo

--SCAP

Thermal

behavior Specific power

Auto-
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Number of

Efficiency’ cycles

Fig. 1. Spidemweb diagram for comparison of supercapacitor (SCaf
Li-ion polymer battery (BAT LiPo) characteristics

‘ Generator ‘ | Battery l | Supercapacitors |
[ | [ | [ |
Conyérter Conyérter Conyérter
[ | [ | [ ]
| Network |

Fig. 2. Example of electrical architecture forearcraft

distribution. The studied electrical power systesngiven in
Fig. 2. It is composed of a main supply device: gbeerator,
which provides the average electrical power. Theme also
storage systems, such as secondary batteries
supercapacitors. In our application, the EESS rgleto
contribute to meet all or some of the energetiaiiregents,
depending on the availability of the main genetafinese
d%ferent sources (generator and storage systents) a
connected to the network through converters. Thartdges

of this configuration are the voltage regulatiorornative
requirement according to standards [14]) and theent
control of the different sources (mandatory for rgye
management).

In an aircraft, there are a lot of electrical cansus. The
various load profiles are gathered together to gvglobal
load profile, as commonly done in other applicagidi5],
[16]. Among all the possible load profiles, a tygione is
taken on for this study.

8. Energy management

The aim of the energy management is to control casur
(generator and EESS) so that they are used at baiinal
operating point and in order to avoid operationmnfiavorable
conditions, such as inconvenient cycling for bagtior high
dynamic power contribution for generator.

The energy management, developed for our applicdfid],
dispatches the load requirements to the three ssusghile
their energetic performances and teahnic

and
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Fig. 3. Energy management based on a frequenaypaqip adapted to thr
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characteristics. The supercapacitor system, usuoatgidered
as a power source, is able to provide or to recpmver
peaks, whereas the secondary battery system, esedids an
energy source, is capable of providing power dudntpng

time or transient power with a low dynamic rate.eTh

generator supplies the average power with slow mhycs

This energy management is based on a frequencyagipr
The energetic distribution is carried out with twaw-pass
filters (characterized by two cut-off frequencfesandfcy), as
seen in Fig. 3. High frequency power is assignedh®
supercapacitors (SCAP), low frequency power togéreerator
(GEN) and intermediate frequency power is assigiwethe
battery system (BAT). As this paper deals with ¢ieng of
storage components, the power supplied by the gtareis
not taken into account. Actually, the mission pMeofi
considered for this study is the starting time, ckhiis
particularly critical for EESS operation because ffenerator
has not started yet and cannot provide any contigiymwer
[17]. Thus, the cut-off frequency of the second 4oass filter
fcz2 is one of the variables for the storage systemgiool.

IV. OPTIMAL SIZING OF ELECTRICAL ENERGY STORAGE
SYSTEMS

EESS sizing consists in determining the suitablé aed
combination of cells for each storage system stoawmatch
their performances with the energetic requiremenftshe
application. In an aircraft, the objective is tonimiize the
global system weight (and particularly the storagestem
weight). To reach this objective, a sizing tool hsen
developed and its algorithm is summed up in Figihe input
data of this tool are detailed in a first part. ¥hare

component libraries from suppliers and energetic
requirements, represented by a load profile, wigch power
profile. The sizing tool takes into account sevemhstraints,
such as electrical limits, which are reviewed iseaond part.

In the next stage, the sizing algorithm is desdrilseep by
step, with a focus on setting parameters. Varialdes
discharge ratios for storage components, ambiempéeature
and cut-off frequency in relation with the energgmagement
strategy. Finally, the optimization results aresgreed.

A. Sizing tool inputs

The sizing tool inputs are on one hand the energeti
requirements that storage systems have to meetparte
other hand characteristics of real components fsupplier
libraries.

1) Energetic requirements for each system

The energetic requirements are usually representede
form of load profile (or power profile), such asfided in the
previous paragraph. Afterwards, these requiremanetshared
out between both storage components with a low-filésisto
determine the specific requirements (energy andeppvor
each EESS. As seen in Fig. 3, the global requikgep is
dispatched in four values for EESS, which are: wisefiergy
W._scap_req@nd maximal powePmax scap_reqfOr Supercapacitor
system, and useful energWy sat req @and maximal power
Pmax BaT req fOr secondary battery system. These values are
input data for the sizing tool, and the cut-offfuencyfc; is a
setting parameter.

2) Database of storage cells

The sizing of storage components is carried out by
considering real cells, whose characteristics aaseth on
simple models. For supercapacitor cells, the main
characteristics are the capacitan€e.p and the internal
resistancdscap based on a standard model [18]. As for battery
cells, their main characteristics are the capa@ity the Open-
Circuit VoltageEy par (Which is in relation with the State-Of-
ChargeSOQ and the internal resistanBg., based on a quasi-
static model, also called the Thevenin equivaleateh [19].
The sizing tool is organized so as to review eahfoom a
database given in Table | for Maxwell supercapasittnd in
Table Il for Kokam batteries.

TABLE | TABLE Il
SUPERCAPACITOR CELL DATABASE FOR THE SYSTEM SIZINGOOL BATTERY CELL DATABASE FOR THE SYSTEM SIZING TOOL
Symbol Unit Valued Symbol Unit Valued
Cscay [F] 650 1200 1500 2000 3000 Coat [AR] 0.t 2 4 4.8 8 16
Rscay [mQ] 0.€ 0.5¢ 0.47 0.3t 0.2¢ Roat [mQ] 12 8 12 20 4.5 2
Uscay V] 27 2.7 2.7 2.7 2.7 Eo_ba V] 37 37 37 37 37 37
Uma)fsca; [V] 2.8 2.8 2.8 2.8 2.8 Umaxfbal [V] 4.2 4.2 4.2 4.2 4.2 4.2
I max_scay [A] 105 110 115 125 150 | mas_bat [A] 24 30 8 96 16 32
Mca [a] 200 300 320 400 550 Moat [a] 23 50 82 115 160 307
Vscar [dm?] 0.15 0.233 0.264 0.312 0411 Vbal [em?] 13 29 41 65 80 167
Prnas scar kW kg 114 105 121 130 114 Prnas.bat [W.g7] 438 252 041 351 042 044
Wina scay [Wh.kg'] 329 405 475 506 552 Winas_bat [Whkg'] 129 148 180 154 185 193

#Datasheets from Maxwell

“Datasheets from Kokam
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. - 3) Temperature influence on cell parameters

B. Constraints on the EESS S'Z'ng. ] ] )In pre?/ious studies [12], [13], thpe temperaturduafice on
Storage components, included within a network, ®8gin  the storage device parameters was determined and is

an environment, which has to be taken into accasta gypressed by (3) for supercapacitor resistancebgrid) and

constraint for their sizing. (5) for battery resistance and capacity. The impaft

) o temperature on the supercapacitor capacitancegleated.
1) Technological limits of components

The first constraints for storage systems are @t@ttones,  Rscap(T) = (0.0001-T? —0.0097 - T + 1.157)Rycap@asec  (3)
which are their own technological limits such as thaximal

R T) = (0.0009 - T? — 0.078 - T + 2.183)R ° 4
current (maxscap and Imaxpa) acceptable by cells and the bar(T) = ( MRparzsc “)
minimum and maximum cell voltagesJax scap Unmin_scap Chae(T) = (0.0015 - T + 0.967) Cpar@zsec (5)
Umax bat @nd Umir_,_bat). Their values are given for each cell byWhereRscap@ZS“G, Roat@2s.candCoai@zs-care the nominal values
manufacturers in Table | and Table II. for resistances and capacity at 25°C.

2) Environment influence ) o
The second electrical constraint is due to the EESS Method for supercapacitor bank and battery sizing

integration in a network. In fact, the storage sgstvoltage is The sizing method for both storage systems is lgetai

in relation with the network voltageus even if there are below, step by step.

converters to connect storage systems to DC bugs &i In First, the maximal energy is determined from the useful

our application, as considered choppers are bawsterters, energy, by taking into account the discharge ratithe depth-

the EESS maximal voltage must be lower than theimaih of-discharge for each source. For battery systhmpepth-of-

DC network voltag&Jmin pus as described in (1) and in (2).  dischargedsar_req €Xpresses the relation between the useful
energy and the maximal stored energy. For supeciapa

Uscap < Umin_bus @) system, the discharge ratihcap req €Xpressed in (6), is a
Usar < Unin bus (2) Vvoltage ratio.
whereUscapis the supercapacitor bank voltage &gy is the dscap_req = Uscap/Uscap_max (6)
battery system voltage. " _ /1-d 2 7
Another kind of environment constraint can be dhebient max_scap_req = Wu_scap req/( scap_req ) Y
temperature. In fact, it has a significant influeran storage Winax_sar req = Wu_sar req/ @bat req (8)

system performances. However, temperature is natidered
as a constraint in this study, but as a settingrpater of the
sizing tool, so as to observe its impact on sizasults.

where Wmax scap_reqiS the maximal energy for supercapacitor
bank andNmax sat reqiS the maximal energy for batteries.
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The second step consists in determining the cethbax
necessary to provide the required maximal energy.

Z-Wu_SCAP_req

(9)

N =
scap_re 2
p-red (1_dscapjeq )-Cscap-Umax,scapZ

Wu_BAT_req

N = (10)
bat_req dbat_req-cbat-umax_bat

D. Optimization algorithm

In this part, the optimization criterion is speedj the
parameters are highlighted and the algorithm iaiet. In an
aircraft, the objective is to embed storage systdms have
the best performances for a minimal weight, whickans the
best specific energy and power. Therefore, theajlstorage
system weight is chosen to be minimized as a alitone,

whereNscap reqiS the necessary cell number for supercapacit@ien if other criteria could have been considesedast [2-4],

bank and\bat reqiS the necessary cell number for batteries.
In the next step, the maximal required currentdarell is
determined from power expression.

Uscap _

Imaxfscapjeq = 2.Reca
Rscap

\/(Nscap_req-Uscap)z_4-Nscap_req-Rscap-Pmax _SCAP_req

11)
2.Nscap_req-Rscap
I _ Eobat
max _bat_req —
X-Dat-red  2Rpar
\/(Nbat_req-Eo_bat)z_4-Nbat_req-Rbat-Pmax,BAT,req (12)

2-Nbat_req-Rbat

[15] or fuel consumption [3], [20], [21] for othapplications.

1) Expression of the global system weight

For the supercapacitor system, the total weidlatap is
given in (21) and the battery system’s dvlgar is given in
(22). Therefore, the global weight of the storagstem Msys
equals the addition of (21) and (22).

MSCAP = Ns_scap- Np_scap- mscap (21)

(22)

Mpur = stbat- Np?bat- Mpar

wheremscap is the weight of a supercapacitor cell ang is
the weight of a battery cell.

where lImaxscap_req iS the maximal required current for a According to the previous formulas, the total wesgFor

supercapacitor cell anthax vat req i the maximal required
current for a battery cell.

The last step concerns the determination of thebmusnof
cells in serial and in parallel while considerirfge tmaximal
required current and the maximal current acceptaplene
cell. In the case where the maximal required ctriefower
than the maximal current acceptable by one ceb, dgll
numbers in serial are determined from the netwakage
requirement and the cell numbers in parallel aduded from
the required cell numbers. The cell numbers inages scap

supercapacitor and battery systems can be exprésstua
form of 6-variable functions:

Mscap =

f(Pmaxf.S‘CAPjeq' Wu?SCAP,req! Rscap ) Cscap! dscap,req! T) (23)

Mpar =
g(Pmax _BAT _req» Wu_BAT_req' Rbat ) Cbat' dbat_req' T) (24)

2) Setting parameters
As seen in previous paragraphs, the first settigupeter

andNs nas are determined to respect this requirement arst m@f the sizing tool is the cut-off frequency of tlev-pass filter.

be integers, as expressed in (13) and (14).
(13)
(14)

Ns_scap = lUmin _bus/ Umax_scapJ
Ns?bat = lUmin,bus/Umax,batJ
The cell numbers in paralléNp scapandNp_bas should comply

with both the energetic requirement and the cutdisnit.
The cell number in parallel for the supercapaditank is:

Np_scap = [max(ascap' .Bscap)] (15)
with:

_ 2-Wu_SCAP_req (16)
ascap ~ (1-d 2 -

(1 scap_req )-Cscap-Umax,scap-Umm,bus
,3 _ Uscap _
scap 2.Rscap-Imax _scap

\/(Nscap,req-Uscap)z_4-Nscap,req-Rscap-Pmax,SCAPJeq (17)

2.Nscap_req-RscapImax_scap

The cell number in parallel for secondary battsstam is:

Ny pat = [max(apat, Byae)l (18)
with:
_ Wu,BATjeq
Apat = d c U (19)
bat_req-“bat-Ymin_bus
B - Eo bat
bat 2-Rbat-'max_bat

\/(Nbat_req-Eo_bat)z_4-Nbat_req-Rbat-Pmax,BAT;req (20)

Z-Nbatjeq-Rbat-Imax,bat

Indeed, the first stage of the algorithm descriliedig. 4
consists in computing the required maximal powet aseful
energy for supercapacitor and battery systems dicapto the
cut-off frequency value. This step is carried oithva Matlab-
Simulink® scheme, and the cut-off frequency is within the
range from 0.1 mHz to 0.1 Hz with an increment df @Hz.
This frequency range is determined by considerihg t
frequency characteristics of the storage systemshey are
able to provide power during a time between a fesords
and a few hours. Another setting parameter is teatpee. Its
influence on cell parameters is taken into accounthe
algorithm described in Fig. 4, according to relasiq3), (4)
and (5). In this study, the ambient temperature\@ay from
-25°C to +55°C. As the considered mission stagehis
starting time, storage components have the samtglini
temperature as their environment’s one. The lastinge
parameter is the discharge ratio or depth-of-diggh&or each
storage system. These values are expressed imd6(8s and
can be different for supercapacitor and batteryesys. In this
study, the battery depth-of-discharge can vary betw10%
and 75%. Thus, its discharge ratio range is [0.25]0 As for
the supercapacitor system, its useful energy cay wetween
19% and 75%. Thus, its discharge ratio range & @9]. The
maximum ratio is limited to 75% to keep an energgerve in
storage devices to face possible failure or disatjmar.
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3) Optimization algorithm

Further research efforts should focus on computatio

A configurationi is given by the type of supercapacitor celkefficiency for the function evaluation which is ame

and the type of battery cell. Each alternative igurhtion is
examined and the valuesfcf Oscap req CObatreq T) are
determined so as to minimize the weight of theesystor the
configuration .
formulated as an optimization problem:

Msys(i) =
Minfcz,dsmpjeq,dbaueq,T [MSCAP (fCZ' Rscap (i)' Cscap (i)' dscap,req' T) +
MBAT (fCZ' Rbat (i): Cbat(i)' dbut,req' T)] (25)
The internal resistance and the capacitance of
supercapacitor cell for the configurationare denoted by
Rscafi) andCscadi). The internal resistance and the capacity
the battery cell for the same configuration are odet by

Roafi) andCpadfi). The minimal weight of the system obtaine

for this configuration is denoted Bys,{i). This optimization

problem is solved with the simulated annealing meéth

implemented in the Matlab function SIMULANNEALBNDf o
the Global Optimization Tool-box. This minimal whigis
computed for each configuration. Then, the best(deaoted

This problem can be mathematically

consuming part of the algorithm.

E. Sizing tool outputs

The output data of the sizing tool are these resthie most
appropriate cell for each Electrical Energy Stor&gstem, the
cell numbers and their serial or parallel assamaiiNs scap

Np_scap Ns_bas Np_ba), the energetic performances of each EESS
trﬂ scan Pmax scar Weat, Pmaxean) and their electrical and

mechanical characteristics: storage capacll¢c{s Csa7),

0|(pternal resistanceRgcan Reat), weight Mscas MgaT), Volume

Vscar VeaT). System volumes are given for information. The

d'sizing tool also gives the configuratioidx dscap reg Obat reg T)

which leads to reach the minimum weight.

V. ASSESSMENT OF THE SIZING RESULTS
In this part, the results of the sizing are preseérdand the

by ives), Which has the minimal weight among all possibl§izing validity is assessed on the whole tempesatange

configurations, is selected. The type of cellssiopercapacitor
(Recadives) and Cscadives)) and battery Rscadives)y and
Choafibes)), their discharge ratiogl{ap req@nddsat_reqd, their cell
numbers in parallel Np_scap Np_ba), and in serial Ns_scap

Ns_ba), the temperature and the cut-off frequency arg,

determined in this way. The function (the weightla# system
for a given configuration) seems to have many losadima.
As the simulated annealing algorithm performs aew@hdom
search, the chance of being trapped in a local rmim is
decreased. The simulated annealing is a nondetstinin
algorithm, which means that running the method mé@mes
may give different results. In our experimentatiotts avoid
the convergence to a local minimum, we run 100 girttes
simulated annealing method with random startingisoiWe
specify the bounds of each variabfey;(dscap_req Obat reg T).
The usual parameters are set to default valuekanviatlab
function: the maximal number of iterationdV@xiter’ equals
+); the maximal number of function

the initial temperature of the cooling system isteel00. The
Matlab function keeps track of the average chamgehe

function value for StalllterLimit’ (here, set to 100) iterations.

If the average change is smaller than the functaderance

“TolFur? (set to 1¢F), then the algorithm will stop. For this

study, we first concentrate on the model formutatidhe
setting parameters of the simulated annealing ndetitothe
use of another optimization algorithm is not theinrmzore of
our problem so far as the optimization problem &sily
solvable. Moreover it is a sizing problem and notal-time

problem. Experiments show that the simulated ammgal

method rarely remains stuck in a local minimum.eled, the
algorithm accepts all new points that lower theecobye (in
case of minimization), but also, with a certain hability,
points that raise the objective. By accepting thesiats, the
algorithm avoids being trapped in local minima iarlg
iterations and is able to explore globally for betsolutions.

evaluation
(“MaxFunEval equals 3,000 times the number of variables)b

according to two criteria.

A. Sizing results

As explained before, the function (the weight o gystem
r a given configuration) has many local minimefefore,
the sizing tool gives a few solutions. The two bsdutions,
which correspond to two weights, are reviewed. Tingt
solution leads to a minimum weight of 24.1 kg ahe $econd
one leads to a weight of 26.1 kg.

The first solution is obtained with a combinatioh650F
and 4.8A.h cells and with the following configurati the cut-
off frequency is 8.5 mHz, discharge
supercapacitors: 0.54 and for batteries: 0.74 (theans the
supercapacitor system depth-of-discharge is 71% tied
battery system’s one is 74%), and temperatureGs 7°

The second solution results from a combination5gffeand
2A.h cells and from this configuration: the cut-tfquency is
0.05 Hz, discharge ratios are for supercapacith@ and for
atteries: 0.74 (that means the supercapacitoersyist used at

19% and the battery system at 74%), and the ambient

temperature is: -24.8°C.

In a previous work [5], where the algorithm wassgial
and where the ambient temperature was set at 26fc,
minimal weight was obtained in the following configtion:
the cut-off frequency was 5 mHz, the dischargeoratas 0.5
for the supercapacitor system and the depth-ohdige was
75% for the battery system. This configuration,seldo the
first solution’s one, led to a weight of 41 kg. Taealysis of
the weight distribution between both storage systetrowed
that the supercapacitor system had a dominatinght.eilo
compare, the previous supercapacitor system isetvas
weighty as the one given by the optimized sizingl to
described in this paper. This comparison showsrtezest of
optimizing the sizing by acting on variables sushtee cut-off
frequency, discharge ratios and the ambient tertyrera

ratios are for
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B. Validation of the sizing results

First, the method to assess the sizing resultshenmhole
temperature range is detailed and then, validaooarried
out according to system voltages and states-ofgehar

1) Assessment method

To check the sizing results, the behavior of thediEESS
is simulated in response to the typical load peofibr a
starting phase. A model of the global system islémgnted,
including the simple models of the identified celis a
Matlal® Simulink file (Fig. 5). As these models were defin
from characterization tests at different tempeexti2], [13],
simulations are carried out on the whole rangeofteratures
[-25°C; +55°C]. The assessment criteria can bestioeage
component voltages or states-of-charge.

2) Sizing validation according to the system voltages

On the one hand, the simulation results are giventhe
storage systems, as defined in the first solutrdmich leads to
a weight of 24.1 kg). In Fig. 6 and Fig. 7, the engapacitor
and battery system voltages are plotted as a fumatf time
(over the load profile duration) and temperaturéor&je
systems are initially charged, thus their voltaggibs at 1
(per unit). The voltage evolution is in good agreatrwith the
load profile’'s one, and the influence of temperatus

SCAP voltage vs time & temperature

Voltage (pu)

1000 4009 40

Temperature (°C)
Time (sec)

Fig. 6. Supercapacitor system voltage vs. timetaentgperature, for the fi
solution

BAT voltage vs time & temperature
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Fig. 7. Battery system voltage vs. time and teeoee, for the first solution
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N Ultra-
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.“ I/NIL-V‘HP capacitor |- XNUMP Uscap
cell

Fig. 5. Validation of Electrical Energy Storages®m sizing by simulation

particularly observable on the battery system gatplot. The
red part of the area indicates a system voltageddhan 0.5
p.u., considered as the minimum acceptable vatueglation
with the boost-converter conversion ratio. As thesults
obtained with this first solution are not complgtel
satisfactory, the second sizing result is alsoszesk

On the second hand, the simulation results arendimethe
supercapacitor and battery systems, as definetlersécond
solution (which leads to a weight of 26.1 kg). lig.F8 and
Fig. 9, the storage system voltages are plotteal fagction of
time and temperature. For this second solution, EESS
voltage requirement (upper than 0.5 p.u.) is fieifilover the
mission profile, whatever the temperature is. Evalhy, both
energetic requirements and environmental constraare
satisfied by this second solution. According to tratage
criterion, the second solution is taken on for thext
validation step.

SCAP voltage vs time & temperature
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Temperature (°C)
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Fig. 8. Supercapacitor system voltage vs. time tamdperature, for tl
second solution

BAT voltage vs time & temperature
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Fig. 9. Battery system voltage vs. time and temjuee, for the 2nd solution
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3) Sizing validation according to the system stateshafrge

For the storage system defined as the second @ojuti
states-of-charge (SoC) are plotted as a functiotinoé (over
the profile duration) and temperature in Fig. 1@ &g. 11. In
these plots, different points are highlighted.

First, storage systems are initially charged, tie$r state-
of-charge begins at 1 (or 100%).

Secondly, the SoC evolution is in good agreemetit thie
load profile’s one: EESS state-of-charge is ovettalireasing
because they are only discharged and they do novee any
power during this starting phase. At the end of mhigsion
profile, both storage system states-of-charge &hbeh than
25%. As a reminder, this minimum SoC level wassseas to
keep enough energy to face possible failure.

Thirdly, the influence of temperature is observadfethe
battery system SoC plot. Nevertheless, whatever
temperature is, the battery state-of-charge remdaugiser than
25%. As for the supercapacitor system, the temperdtas no
impact on its SoC.

Finally, sizing results are validated accordingtte “state-
of-charge” criterion on the whole temperature range

VI.

In a first part, an analysis is suggested in otdamnderline
the influence of the cut-off frequency, the disgearatios and
the ambient temperature on the global storage systeight.
In a second part, an adaptation of the energy neamegt
strategy is carried out so as to preserve the rgattehose
performances are degraded at low temperatures.

ANALYSIS OF THE SIZING RESULTS

A. Influence of the setting parameters on the systeight/

This analysis consists in plotting the evolutiortiod global
system weight according to the identified settiagameters. It
is also a way to check if there are many local maiin the
function Msys sum of Mscap and Mgar as expressed
respectively by (23) and (24).

Firstly, it is interesting to plot the evolution dfe global
storage system weight according to these settimgnpeters:
temperature and cut-off frequency. In this casecldirge
ratios are constant and set at their maximum valuégor the
supercapacitor system and 0.75 for the batteresysFig. 12
shows there is a minimum area where the global heig
around 25 kg, in agreement with the results giventhie
previous paragraph.

Secondly, the evolution of the supercapacitor batlery
system weights as functions of the cut-off freqyeaied their
discharge ratio are given respectively in Fig. &8 &ig. 14. In
this case, the temperature is set at one specifikce, as for
example at 25°C. The lower the cut-off frequency trse
lighter the battery system is, but the heaviersihygercapacitor
system is. Therefore, the optimization algorithmstrfind the
best compromise between both weights.

This analysis highlights the necessity to optintlze global

Supercapacitor system S0C vs time & temperature

i

v Terperature [*C)

500

100 a0

Tirne (sec)

tr

Fig. 10. Evolution of supercagitor system SoC vs. time and tempera
for the second solution

Battery system SoC vs time & temperature
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Fig. 11. Evolution of battery system SoC vs. tiamel temperature, for t
second solution

Storage system weight vs cut-off frequency and temperature
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Fig. 12. Global system weight vs. aft-frequency and temperature, v
constant discharge ratios

B. Adaptation of the energy management

Sizing results given in the previous chapter unded the
degradation of battery performances at low tempesat To
avoid premature ageing of the battery system, itlccdoe

system weight because the minimum weight does ntglevant to study a strategy to adapt the energyagement

correspond to the sum of the minima of both stosgtem.

according to the ambient temperature.
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As seen in Fig. 11, the battery SoC is lower th@fo4

when the temperature is lower than -20°C. To ptdiatteries

SuperCapacitor Weight at 25°C vs cut-off frequency and voltage ratio

on this specific temperature range, energy manageme

(through the cut-off frequency) can be adaptedvimicha too
low SoC [22]. Then, the cut-off frequency is detegred so as

to maintain thebattery SoC at 40%, on the range: [-25°C; -

20°C]. Its evolution on this temperature rangexpressed in

(26), wherefcsz o is the cut-off frequency determined by the

sizing tool, which stays valid on the range: ]-20F85°C].
(26)

The evolution of the battery SoC, without and theth
the adaptation of the energy management, is gindfig. 15
on the last seconds of the mission profile. Adapthe energy
management allows one to maintain a battery statharge
which is acceptable. The supercapacitor systemigesvthe
necessary energy to preserve the battery systenovat
temperatures.

fea(T) = (0.0026 - T% +0.183 - T + 3.65) ¢,

VII. CONCLUSION

In More Electric Aircraft (MEA), the electrificatio of
embedded network leads to the addition of new Etedt
Energy Storage Systems (EESS). Their sizing is iticair
issue and its optimization is mandatory to impletretorage
systems in some aircrafts.

In this paper, a sizing tool based on the simulatatealing
method is presented to minimize the global storagsem
weight, which is an essential requirement in aeutos.

This sizing tool includes different inputs, constta and
parameters, which are summed up below. First, & fwafile

and the energy management to share it out betwetm b

storage systems are used in the first part of ihiagstool.

Indeed, the load profile represents the power requénts and

is a sizing tool input. The energy management thtces a
setting parameter for the sizing tool: the cutfoéquency of
the low-pass filter. Then, the databases of stocaije from
suppliers are integrated in the sizing tool and afso
considered as inputs. The technological limits (immann
current and voltage) for each cell are some of traims for
the sizing tool. On the other hand, the charadiesiof the
simple models take into account the impact of teapee,

which can be considered as a constraint or as tnget

parameter. Finally, the electrical architecture, eveh the
storage systems are implemented, is taken intouatc@his
requires a voltage for storage device which iselation with
the network voltage and with the characteristics toé
converters associated to the storage componentxeldbus
voltage is considered as a constraint and the aligehratios
(voltage ratio or depth-of-discharge) as settintapeeters for
the sizing tool.

The optimal sizing results in a cell combinatiorat{bries
and supercapacitors) and in parameter configuratiomo
solutions are reviewed and their validity is assdsen the
whole temperature range, according to two critesigstem
voltages and states-of-charge. Finally, for the behition, an

£
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008 o o0s

Cut-off frequency (Hz)

Fig. 13. Supercapacitor system weight vs. affitfrequency and voltag
ratio, at 25°C

Battery Weight at 25°C vs cut-off frequency and discharge ratio
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Fig. 14. Battery system weight vs. aff-frequency and discharge ratio
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Fig. 15. Evolution of battery system SoC vs.tinmel &emperature, witha
and with adapted energy management

adaptation of the energy management strategy igested to
preserve battery, whose performances are degradéawa
temperature.

Further work will explore the optimal sizing of sage
systems and their converters to minimize the weighthe
whole electrical power chains.
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