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Lithium-ion batteries play a significant role in people's daily lives today, as
demonstrated by their use for energy storage and power supply in personal electronic
devices, backup power systems, and, most notably, in vehicles, which constitute a
crucial system in the modern era. Lithium-ion batteries exhibit degradation behaviors
both under operational conditions and during periods of inactivity. Such degradation
affects their energy storage capacity, discharge power capability, and charging
acceptance, all of which tend to decline as the battery ages. In addition, it has been
observed that the internal resistance a variable that directly influences the rate of heat
generation during operation increases over time, thereby elevating the risk of battery
ignition at the end of its service life. This research proposes a method for detecting
battery packs with cells exhibiting varying degrees of degradation, utilizing terminal
voltage responses and charging power, encompassing state of charge (SOC) estimation,
charging power (Pg,,) estimation, and the detection of battery packs with different
levels of cell degradation through the dynamic time warping (DTW) algorithm. The
results reveal that the terminal voltage of battery packs containing cells with different
levels of degradation is higher during constant current-constant voltage (CC-CV)
charging. The charging power of battery packs with cells of similar degradation levels
is lower compared to those with significantly varied degradation levels. Furthermore,
the XGBOOST machine learning model can be employed to estimate SOCI, achieving
R? values of 0.9969, 0.9514, and 0.9524 for training, test, and unseen datasets,
respectively. The significant features used for estimation include open circuit voltage,
minimum charging power, summation of terminal voltage, summation of charging

~ power, terminal voltage, and charging power. Detection of battery packs with cells



exhibiting varying degrees of degradation using the dynamic time warping method
effectively distinguishes packs with severely degraded cells from those with similarly
degraded cells, with an accuracy of 0.97, a precision of 1.00, a recall of 0.96, and an

F1 score of 0.98.
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astugsdaiau Tnglud we. 2564 84 A, 2565 MiUsinusaeudlniannedouazay
dutufeiosay 39.81 wawdlefinnsandeyaneiiouasnuitsasudlnilliuauamdladia
qaﬁuiunﬂLﬁaueﬁ’wimgﬁz’f%aﬁlugﬂﬁ 1.1 (n5un15vudInI9Un, 2565) Faidunasin
mnuannsainamlitwunuiuuleuisvessguiaiduaialiiingldnusasudliiuag
duasunisasuresnansnsululssma dmsusnsudlifiiuannsoweeenldifu 4
sULuUmLdnvazYeIN slindsuanuvasendsan daldud 1.saeudlnihguuuulauin
(hybrid electrical vehicles, HEV) 2.5agus i 1wandulauia (plug-in hybrid electric
vehicles, PHEV) 3.iﬂ8uﬁL%aﬁL§aLW§ﬂ (fuel cell electric vehicles, FCEV) wag 4.508UR
T wumme3 (fully battery electric vehicles, BEV) G?quaﬂuﬁgmwuﬁ HEV PHEV uag
BEV (NSUANSAUGINIIUN, 2565) ié’%’ummﬁauLLaxﬁmﬂ%muiuﬂimﬂimLLaszJuEULLUUﬁ

TuusweTiduunasiniAutazanendsnuliiusasud



400,000 onm e 370,000

350,000 360,000
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GEGHEGI]

GEGHEGI)]

300,000 350,000

250,000 340,000

a

FUUsANZ LT
-

FuUsaIANZL DY

200,000 330,000

150,000 320,000
100,000 310,000

50,000 300,000

0 290,000

W.A. 2563 W.A. 2564 W.A. 2565 f.A.-65 W.8.-65 5.A-65 U.A.-66 N.N.-66

JUN 1.1 Snusasudbiihaansleuasaululssmndalve sieluassiefiow (nNsunisvues

N19UN, 2565)

lnenstuindisusaeudliidwandusun 1.2 Iduawesiasugundsanulninly
Jundanunasazdaiiundsaunaning1agdonundeindmiena (mechanical coupling)
= Y & v v a a PPN ) a v a o
FaNFauns 2 suteiuainginssumvasuwdaslymudnuazainuiivesnisiul lnug
VT9zAIUANAILLTIVBITOBUANUAUSS Inadyariuguuawnas (motor controller) v
v o ) v v 1Y) ' ¥ o dll DXy = )
mifuUasdyanilaaindusdreglusvvesdygrnuniuauiedeuliiuaToawniy
(inverter) ¥ 3azvinnisid sugusuuvedtiiinszuanseisuainuwuaines Widulin
nszwaaduiiiaudimunzauneudreliiunawmesiioisasuaiinnusmungtuisenis
(Chau, 2015; Fotouhi et al., 2016; Husain, 2021) soeus bH1ludagiulduuninasdifiay
looau (Li-ion %58 LIB) (Fotouhi et al., 2016; Husain, 2021; Samantaray et al., 2022) W
gunsallunasiniiu-anend sl eluszninanisldausasud LB aziudsundsny
iUt undsnuldiianelsd yjaseaaiilaila (electrochemical oxidation-reduction
reaction) (Andrea, 2020: Reddy & Linden, 2011) Tun1s@ne1d L3807 n15A@v159
(discharge) wawiile LIB Frewasnuluiaudsanneningsausian LB atlasunisang
wasulninauidlumepIesrsalunnes (battery charger) lun1s@nwitiisenin nns
¢ P v v v Y = A a & a v o
9139 (charge) Wolinsaulunisldnunseinly Fadunszurunsiiintuluianiedeunay
a s = a [V ° o A & Y ! a s s
Y94MIAEY1§D JuulaIn LIB azvinudnuwaeiiluseuaduiuszninensna1salaz e
° ~ a a o , o d- dl-
MABABIYN1TYINU WoSsuWisuauanvalaNIZIEnIN LIB AulunnaIUseinnduas
WU LIB HAIWENIUINNE (specific energy) AMMIMUNLILULNGI91Y (energy density) ¥

49031 (Feng, Ouyang, et al., 2018) FedenasioaNsTOusNITTUY NIluAILYRITEYENINTT



FulninTy Tusuresdnsnsuazauiivessasuiaziiigu Mulvfssesnadmsu
N13¥13597ianAIaa (Husain, 2021; Kulkami et al,, 2022) Judunalisoudluiilutaqiu

1%91u LB 1WunmastiniAunayangnasanumnan

{ Battery Charger |
! i Motor
L 4] Controller
Motor Dirive
Congrol Signals
< :
Battery Motor and 3'-'1&1‘]‘];1!1_1 cal
_ Inverter Coupling
* »
* +

High Voltage Bus
JUN 1.2 wudsiugiuvesssuudunfowsasudltnin (Husain, 2021)

A01UEgUAM (state of health, SOH) w81 LIB SOH ushusiidsmamnuuasnss
Tunslder Taed SoH ilududsiduduegdsdenisusziiudaniugUseq (state of
charge, SOC) finniinanunatned eulunisuseifivazdsnaliinnisldann LB fiAu
youLAvaILsFulIinan-geas auawﬁﬂﬂémitﬁlamamwﬁLﬁm“l,uﬁmwﬁqﬁ?u(I\/\ateki &
Howard, 2006; Neunzling et al., 2023; Sun et al., 2022) LLaSLﬁuﬁWLMQMﬁQﬁﬁﬁlﬂﬁjﬂWSQﬂ
Inshilesninanudeudlunuidenisonin maivadlesainaudeu (thermal runaway,
TR) (Feng et al., 2014; Feng, Ouyang, et al., 2018) T3uAzHARNTUTEHUDIENT T
AUNAD (remaining useful life, RUL) ‘ﬁ'mena'm']ﬂsz’fa'mmnﬁﬂqﬂ’uwﬁanmﬁ LIB
nune1gn19leau §eazfiansanty LB vunergnisldauiie SOH famania 80%
(Elmahallawy et al., 2022; Nuroldayeva et al., 2023; Zhang et al., 2023) Laz e & 1610
Aldarelunisingednuflavaninsamunt NsusumMsTesThsuazdLiunsesildegiel
UszAnsam aussougduanufeududnnilstadeiiddydesneanuseuduain i
dyreengmslinunasduaivamdniinelian TR Tu LB aussauzsuauieuduns
UszillufangAnssuvesgaumgiununana LIB fuintuszninmsldnuuasndannmsldony
uflsan1izasia (steady state) vosmmgiinan sl gamgiununatadufuysilas
dyBnanussiuliinendaveunned nzudliiihifavsaviensa ergnsldnuuas
punRAsuIndousoudine (Amini et al, 2021; X. Liu et al, 2022; Wang et al., 2021) ¥isil

N LIB fgaumgiununansasazmilendidnsinisidesanindiargiunaziiludenensld



[
=) v

NUAE1ad Saudsausamd el LB 1Aa TR iunaliifinainuadsisludianay

i
NSWdaU (Elmahallawy et al., 2022; Feng, Ouyang, et al., 2018) ﬁﬂugﬂ‘ﬁ' 1.3 LAMIAINY
qzyl,ﬁaﬁlﬁw‘ﬁyumﬂmﬂﬁm TR vess08udlndi wenani FausngaURmaiiAna1nnsiAe
TR fslumsnedl 1.1 FempaunmsiingUfvauazannguesnisiia TR %Iﬁl,ﬁu’jﬂuﬂaﬁgﬁ’u
LB Tusasudlwihdsilonada TR Idfsananngmsldnuiiluanwlinfuasluaninnig

Tdununs

wa

U 1.3 gifwmmanmsidRtiesananudeuses LIB (Eimahallawy et al,, 2022)



A15197 1.1 A29819n151 AR URMA1nN193 AL 8991nANT auvesagud L1y
(Elmahallawy et al., 2022)

Incident scenario

Incident date

Incident location

Fire while being parked Mar.2019 Tilburg, Netherlands
(Unplugged) Jul.2020 Virginia, USA
May.2021 Ashburn, Virginia, USA
Jun.2021 Boryeong, South Korea
Fire while being charged Mar.2019 Massachusetts, USA
Oct.2020 Lucie, Florida, USA
Oct.2020 Gyeonggi-do, South Korea
Nov.2020 Langenfeld, Germany
Fire while May.2018 Hubei, China
being driven Jun.2018 California, USA
Jun.2021 Haverford, Pennsylvania
Jul.2021 California, USA
Fire after vehicle crashed Mar.2018 Texas, USA
May.2018 Florida, USA
May.2018 Ticino, Switzerland
Apr.2021 Texas, USA

= & a a A v s
nsiEeuan ey LIB lunssuaunsiinanisivaeuaninlasasnsuesesausesney

aelusisiandalniln (electrode) Bianlnslad (electrolyte) waziansiunszua (current

collector) MuanganinlusUrein1silasuLUatAIAINgUsEY (capacity) MuananaUTu

Uszgluifng LIB anunsodniuld waznisanasvesmadlnihfisnels (power fade) Mvluna

a a & 1 t% & I a A ¢ 4. .
WHosnmaiiuduaesa s unIunglunToA18uNLauG (impedance) (Singh et al.,

2023; Sun et al.,, 2022; Zhang et al., 2015) miizqmmﬂ?{amamwmaaLIB:ﬂ’ﬂLLamlum

Y89 SOH Faazuansluguvesissavavamndanasainaninlunissusuldau win LB s

anasues SOH WINNITeway 20 w3aleA1 SOH AnInSesar 80 Axdiedn LIB vaneensld

914 (Lu et al., 2013; Nuroldayeva et al., 2023; Zhang et al., 2023) YANINUNITHENID

= o ! d' ° N =
ﬂ'ﬁLaE)llaﬂ']WEJ\TaqﬂquﬂLLﬁﬂﬂlmuzﬂm@Qﬂ"l RUL NL@A1UIUIDUUDINITVITINLNRADNDU

nune8NshYeu (Elmahallawy et al., 2022; Lipu et al., 2018; Zhang et al,, 2017) Yy



IS

d' 1 Y a dl' QI o d' % 1 dl L1 a 6
daliAnNSENANNLALANENSINSIE NN W LALA NSElndnAvISaLazRaunsatian
g9 wsenulrihevsea wAuveulunn1svinnuung aamglived LIB waganiniing oy
Tngseu 5auds LIB figndaiusiesn SOC NigeasiisnsinisdenaniniigaleiSeuiisuiv
M3dniusIE SOC Misina1 (Pelletier et al,, 2017) Wiafarsandayatnesiuaznuin LIB 9zl
FM31N15L8 UAN N WANAIIANU A NBULAITITINUBALAITANAY FaduANaIN50TUNNS
M91uved LIB indauazisusuldaulunanieiiuasusingeesnuiludnyasiuansieiu
1 1 d'u % d‘ o ¥ = d" % d‘
WAYAINANTENUADTEUUNSULDINGIIUDIN LIB 1iiaN15¥19Umednn19aunils Usenaunuiiie
LIB fin1sideuaninagnouausnani1syIsanaziavialusvvesuseiulniingeniniiely
nszwalWil 19 v ud adunaarnni1sii ud uvesataud 1 un un1elueILUALA S 7
A a o A o vy ¥
donanmilAgenaninaualitiany
~ aa & & P a & A v oA )
setfeuiTnsnsivaaumnualou Junilaniaslafauisoldiian1snsiaduainy
ldunfveessuudaiainssule I@amﬁﬁmsm%’aaﬂaﬁLﬂu(?hLLUsﬁmmm%ﬂawqﬁﬂﬁmm
a a Y ) a o af Y & P a A o o
sruuSsuiisuiuteyaludnuagideifuild dusnnsgiulunisiseufigunsediduai
Liunfivesszuu lnenillaszuulinginssunisviauiilasusvasluniaiinanuiaunfitiu
voulngousulagatayadiwlsiaunvelinsidssvuluannyadeyauinggiu saudunis
AUUAYBUIRTNANN50T UL TR URaANNlLUNARYe95EUUALEINA LN TEUIUNITHSIVIU
ysansUTELNaN AN llUNAnvessruvauIsasdunsaaLenlaegnaiuseansnin a1n
Joyadneuagiiiudy LIB n1sidenanmuatazdwalisiulsnusnglusuudraesndinenans
waraTIIwlsnannsainlilaensaziinnsissuulunnanmuniidesignisldauiudu
2 £ v =3 7 12 6 a v o Y
ntayatiwmulziiuladinisidausagud lihazdanudenisidslunisdu
AR BUTAILANTNAUUT - TU AIUVFVTT dNINwIndousaud 9 Sounsaidudunald
AUTTOULNITNNUVBITEUY WANsNeiu Ussannisldanusosudiienistuldiuyananie

Aay

Wonswalyd Wonsvuds sadamgfAnssunsduindesnisldeusaluaiuds aus

uazidsifesns dulutedefiduaiaily LB fnisdenamwnisiauuazengnislday
Aadeiunndnsiuuasdunaliaussougnsiaues LB visluduvestiihiiusinglugd
yosmaluifidneld Aranuguszqlniinfiansias uazidunadenginssumisinuanuiou
199 LB fiusingilefinisldarn uenanil nsidevanmiigeasfunalisnsniaifinduves

'
oA

aa &£ oA A Y o v v 1 ' o w Yo
gauniiiiafigeduilaiiivudu LIB Adlongnsldnudey uwagldamnsagiemdalniihlviu
v d{' £ ! = a a = & 4 =~ ' a a1 =
sruutuindeuvessasudlaeg1eiiussdnsnm Sadunalianuidesionisiia TR IAa99u
muludae ieidunisasisaesantuggunin o1gn1slduaund ofl azaunsauly

Usznaunsindulunisldau msgenunse nstevesasuanidiunistdaursansindula



Tun1s¥ulsefunmsvhanuees LB wazidieidunisdesiunmsindunsieainnisidhiiiessn
arufoutesumneifiazdmalfifnnisanydeiidinuasnindaou vuitiiauenisaig
FuToNsATT UL NLUAWEITT wadidenanmlusysufiuansnasy Tnelduuusians
adiamanimaliiiniufuuuudiasinsiouivenndssdmiunisiueaniuglseq
Wi sdunaznsnsaduulinuunmessesadouds dynamic time warping iioiduwpas

Tun5AERaE N5 TE TIN SN UTBIL UMLK B3 LU ANNUaRAN BLaLIAINNLTBDN 8

1.2 InguszasAauide

]
o =

AUUNAUITUITINDNITATIVIULUALADS N L0 ad bE o UANINLUTEAUN

NI
1 [ d{' I3 d’ = o 1 v & I3 Ly @ ::4' a 3

wansinefiu iivewasesdiedmsundsioumnududagduvesuinuunnes Tnedidrussasd
naneanalUil

1) WAILITUAITNITNTIVIULUALNBS NI Lwad L doUaN NI USEAUNLANAIIAUY A8 NS
UsziliungAnssun e invewumne3seninen1swss wssnulniiwasmaslni

2) WAL UUTIaIN19L 58U vaRAT 09 teldnanisnavausulanamansves
WURLIBITEIININNTVISAANSUNNSUTEU SOC

o w

3) Usziliuauduiussznianginssuueunsssulninign dasluia e SOC

13 @uuAgIUNITINY

(2 '
a v aa a U =

yiTedifunsianndaismeanaduddinanisnevanewesunned sewing
nsvsaiieUssiiuanimeasadnelununines aedldvswavesianysiiduauuigiuly
nsWILG

1) 91gmsltaunuvdevesuumneiaiisulossuduiuusilasudvinasinnis
Wasuuladlassadestalihuazansdininsladniely

2) anugaunmuesuumnniidufulsiuanidsa fosazveadeuanimnisldu
Tnelsudvdnannmsdsuntadasadestalniuayansdidninsladanely

3) Mswasuutadiassadswesinliihuararsdidninsladaeluuunmedidunals
AaruUsEaliiasAauduungluresunnetAiugstu

1) Aanuqusz i dusudsildsudvsnanegmsldau snsinsiaviauas

YIAMLAINTEUALANANTULALOUNN VDL UALA DT



5) Aranuaiunuagluvesiuameiiduduusiduulduintunaonnisldeu
wuaies Ingddnsnisiiuduinlasuavinaain Anszudlunisfaysanazysa gaumngiives

-
URLRBDT

o
v @ Y

6) wsssuliihivaduiuysiuanmginssudanamandiilouunneiiinnslesu
visogadoUszqlnih nFoudulasudvanannmaudsunlasesainmguszuazaia
Fumuaglulunine’

auufs1uuidednanléan Wenummeifinnndenanimiesannislduazdia
TiAansiasuulasanmlassaisvesiannslukasuansesnsnluguiuunsiasuulag
Ansmeuauandmaransvosulihidauazhadlihdmsunda Sudulsananseld
wofnssuvealsinandmfuiunewitnisadamans iiloassiuneuds uuudaeanis

= o 44' 44' a a I ay v
LﬁEJUEGUENLﬂi@\iLW@ﬂigLNUﬁﬂqWﬂ’nNLaEJGUQ\TLszjaaﬂ']EJIULLUG]LG]@{L@

1.4  Y2ULIAVAINISIVY

1% o '
Y % v ada A o

TR P3N IATIITU LA TAILILUUTIABINSLTBUS VD LATBILAY

[
v a

TUADUTETN1TUTZLHUAILUIIN 8N15ATITU (@anomaly/faults detection) F9vautvnly
IR
v a | ¢ & @ v a
1) THaN1SROUAUBIVDILUAN DT T21I19N155 AU UMBUTAUTUNNTUSEIU
2) IdwaduwummaIwuu Lithium Iron Phosphate (LiIFePO,, LFP) ANAALTIAulnA

YnAWNAU 3.2 V. su1aandauseaninu 15 Ah.

q q

aAaada v [

3) lduiinuummesnidfdauseiulniirunfvindu 12 V. Ieeldsuuuunisdniseanuy
AOBUNTY 4 LWad YUY 2 \waa (4S2P)

&) M5Unuunmsvsamelniinseuanss sULUY constant current constant voltage
(CC-av) wazliaunsain1svise aiudean1nunved ¥en.61851 -1 den. 61851 -21 wan,
61851 -23 Iay Won. 61851 -24

5) insanadauuuiiaeamalisuiveneies Anvinginssuuasinuiuisnsedu
aelddvsnavesnmsvifanuveulunded 4

6) 19lUsunsu MATLAB Simulink Tun1swauiwuudnasaniealnanswasfnw

NOANTIUNITVINUTINAATERSVDITTUY



1.5  Uselewiifianadnazld

1) SuiEmsaTeduuunmesfifiwadidonanmlussiuiiuandnaiu Tngldnginssy
yoaussulihAidauaz gl msursadndunisnsiadu

2) wuudhasamsBeuivedosdmiunmsUsznaanarUszq

3) WOANTIUHANBUAUDITIA (transient response) YBILUMADT 711 52AUNT
Foudnneswaaiisyauliieiulasunaniy

4) wuusiassndnenansiionsuszanarusulninfiduazidsluiiinisensa

VDIUUNLADIN1ETANITYITILUY constant current constant voltage



uni 2

USNANITIUNTTULAZITUINNYIVDY

UmﬁﬂumsmmmsmﬂisuLLazmuié’sﬁLﬁ'&n%’aaLﬁaLﬂu‘ﬁugmmmqwﬁLLaxmm
dladudusnguddqresnifoatul lneidomazaseunquisusmdnnmahauiiugiu
LavasrUsznauvasLunnedafisulosay (LIB) (?hLmiamé’ﬂwwﬁﬁwﬁ@lumm%maamuz
Yoauumne3 nalnuaztadeiidinadonisidenanin n1sAnwinuudiasmendamans
UszLansinge ﬁiiﬂumiﬁwmawqﬁmsmamumma? laglanIzhuuIaeeesauya b
LLagﬁwsws{TaaﬁaLﬁ'mﬁummgmﬂﬁmﬁmwmLma’?ﬁm%’maaum“lWﬁw LLawqwﬁﬁaﬁ’%ﬂu
AnTuMsAILISEUUATIITUT oA 09 1w Fadannnisal (Observer) wazdunawisnis

av o a ¥

A3 TRRANIBY (Fault Detection) saulUdaiaszviauddeinetasluafe el

= v 13

v 1 1 a v = & ::4'
faiauinisvedesAnu; lutagiuunagseyreiinewesuilde (Research Gap) Faduiun

voringUsrasdarauuigiuluuiy

2.1 wuawasaisulaaau (lithium ion battery, LIB)
A & &t o Y Ao @ P [y = a [
WUALADILUUUNIATIIVIRUIANLAULAZIUASUFUNAIU D9anTatUasuna sy
wiiideglu active material vashunmed ey lugundsnulniidleufaseadlndi

(e@cﬂochewmaloﬂdaﬂon%educﬂonreajbn)uazaﬁmﬂﬁaﬁﬂLﬁuwéﬁﬂﬂuTwﬁﬂﬁaa

[ [y

Ufnsendeundulalielimsdrenseualuiimvsonisuszalnilviuuunnes msudsusy

(% (%
o

PAIUN 2 AszvILnsTuaziinduluad i eigddunuidedazsenin wad (cell) lng

TukunmeItuaLUTENBUMEWAR TUILAIEWAR LA EIUUTE NBUNUSUT Saa b 1LATE
a Y] a = o g
UavldunnigUil 2.1 uassgasipencial
1) alui1au (anode, negative electrode) Wudaniiansdidannsoulilvanu
21935 H 1 A1euend o AanSTE AT UlNH 191 NwUALADS T INTEUIUT LA AT WLS 8NN
oxidation
2) alWH1uan (cathode, positive electrode) 1udan7isudiannsauszninanis
Aauisenaiilnimvseseninnslondnuliihanuuanes Faujiserniiatuienin

reduction
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3) Bidninslad shwehiidumanandumaiedeudieloosussninetalniavuas
Falwihuannglumad dlnevtilusidninsladduasazareinde nsn vidosa (alkali) fifit
Jushviaraevidedhavangwiaduiiinnuanansalunsihlessu Tuwadunswilalididn
Insladfifanuzfuveaudmionedwedion nszurumsmeUsey (discharge) To3i9ad o9
lunmsfinuniident famnd Wunssuumsfiwadiisusundinuaiivgndnuliihuas
Feiirgreasiiiinneuen lussninaiinszurumsdniuluasiinnisdsinudidnaseuain
Hlniaulugadalniuindusesivihnisuenuarlessuuinludidnlnsladasgnasiiy
dgdaliiluan lessuauludidnivsladazgnandngdalniiiay duwandugd 21 dws
waduupmeITiAansmeUszquarliannsoussalwinduliiunneilddoudendt wad

dAd o w

LURRaTLUUUgUAT (primary battery) dwsulwaduunmesniindunildlnilalaenisuseq

a

Wil (charge) Tvaildvatesoui3ondn waduummesuuunAsqil (secondary battery) lag
nszvrumsUszalnih Sdumsinuilizent 1 anfnmsdsiiudidnaseuanmsasii
aeuenidgialainaulusasiidalniiuanasianisgapdedidnnseu n1siedeuives
lovouvnuaglosuavazgndadigsidninsladdsnssurumsitomunaninduludnvue

AafudINAUNSEUINNSABYTEY Aauansluguin 2.2
Electron flow
—_—

= +

Flow of anions
- —

Anode
Cathode

Flow of cations
—

Electrolyte

JUM 2.1 diudseneuiiugiuresad iiiialivaznisindeuivesdidnasousasleoeu

LIRS (Reddy & Linden, 2011)
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- DC +
power supply

_ Electron flow "
R

Flow of anions

—
[0}

3 3
< <)
&= c
S <

Flow of cations
-
Electrolyte

gﬂ‘ﬁ 2.2 m'sm?{auﬁsuaaaLﬁﬂmauuaﬂaaauswdwms‘dszaﬂﬂﬂw (Reddy & Linden, 2011)

wusAe3alfivulesay (lithium-ion battery, LIB) 1iununinediliiagiiamsadn
RuuarudesUszqesdifieulfidutalifi Inslusewinnsldmudidienlosouazians
wdaufiandaliiiuanlugedalaiauiegluseninsnsussalaihadieslessuanoush
nndalnfhaunieutuiadeudelutlafaluda i Fafutanildlunisadatalnimg
Hutagiilasaadudunieivorhadiolilosouvesiifiovansoilauionsuseanld
sgminanvinen (Nitta et al, 2015) Tandildlunsudad i aneadaifiouloooulas
dnlngasilutandiioussnladlaun lithium cobalt oxide (LCO) lithium manganese
oxide (LMO) nickel cobalt manganese oxide (NCM) nickel cobalt aluminum oxide (NCA)
lithium cobalt phosphate (LCP) lithium iron phosphate (LFP) lithium iron fluorosulfate
(LFSF) wa Lithium titanium sulfide (LTS) dwsudaluliiuan Tudauvestlafinauiead

a [y

auieuleosuilenldian eraphite Tunisndnllewniluiannianuuwiwsadana fanisu

q

Y 9

Iylihfigauazdiandinszdvdnisunivesnadiiivulossudigs lefiarsnnauandivesiand
Tlunsudatalifhsnuinsadaifioulossuusozaiinasiussiulnihuazanuquseqlud
(charge capacity) ﬁ@i’maaﬂiﬂﬁmaﬂﬂugﬂﬁ 2.3 9uA1 electrochemical equivalentsﬁ
wansiaaUIunadseaiidniAuldvestaniildndnlumice A/g uawen standard reduction
potential u,amﬁaﬂ"]Lmé’uiﬂx\lﬂwﬁ";’aqﬁLﬁaisﬂlﬂu%ﬂw%ﬂumw V (Nitta et al., 2015;

Reddy & Linden, 2011)
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5.0——
L|N|o3300033Mn @]

033 "2

4.5
40 LiCOOZ I‘iNio scoo 15Alo.osoz
LiMn,O,
3.5 =

LiFePO,

3.0+

Potential vs. LilLi* (V) &

LiFeSO F
0 50 100 150 200 250
Specific Capacity (mAh g™)

25

JUN 2.3 usssulnifuagananugussamamguveseadaiieuleesu (Nitta et al., 2015)

msﬁwmmaﬂLsuaééLﬁamlaaauazhjﬂimgﬂﬁﬁ%mLﬂﬁiuiwdwmiﬁwmuﬁgﬁumﬁ
miahailiz'ql,t,azms%’wiz@ (Plett, 2015; Reddy & Linden, 2011) %ﬁLﬁmmsmﬁ'aué’w
lopsuvesdifisndsiinanlidsiu Tassadauazdrudseneunmelumadfansluguil 2.4
Usznausag current collector § svimiiadiidusananslunisind oufiveauszqlwiinuas
Budnmseussviasadinihuazasasaneuen dautsenoudl 2 Ao dalwihuindadutauan
Tunquaiisuesnluddsiildnanlithsiu vimthitlunissneusqlulfieengasasnieuen
LazsULIBANATEUAINIIsABUBNIUTZNIINISIEIIU (discharge) wazazdulaUszqlni
wioutredidnmsoulusyninamsfunisuseq (charge) dauvsznaudl 3 A dalnfaviey
NAnAIean eraphite edlanmseundoudviueyszgluihainisesneuenlussninmis
¥ uuazaziianszuaunmslufienismsednieyseninamsiunsusey dmusznouil 3
#io Bdninslasdeimihiidumsinileseuliifanmsuandsussarinddaliihianuaray

v

U o Ao M 10 aa =~ 15 Y a [y f a s
ﬂMﬂmﬁMUG}sLUﬂ73UW1@EJEJUVlﬂLLG]I&I‘LJ’]@LaﬂGli@‘uL‘WEJINI‘VTLﬂﬂﬂ’]i’ﬁ@ﬁ]\‘i’ﬂiﬂ’]ﬂlumaa dlantng

A I 1

ladiluansazanefedsuveaaiviena diudszneuil 4 fie wiuiuluiunmes (separator)

'
aa v

vuiiilunistdesiunisanisasniglureswumneidanwasiduwiuilduuimsaiule
duA31298 (membrane) dnuaudiniaunsalvlosswndountulaluogsiuazladrlih
drudsznauiiugiuiazfiaviamsiadeunivedlessy diannseunsluvadaiiieulessudy

[y

mgﬂﬁ 2.4



Charge

Electrons <€———

R

Load

Discharge

Negative electrode (anode)
v

Positive electrode (cathode)

=
§ g
5 2
(O]
o
Charge S 3
S—— <_‘L Negative ions (if present)
Positive ions =5~ SR
1 g0 opposite direction
Discharge

Current
collector | @
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PN ] fa o a A a a 1
E‘U‘V] 2.4 mu‘dszﬂawziaaamamlaaauuawﬂmamsmaammaLaﬂmau 1@@@1&11433‘1/1’3’]\1

ASY5AANAEYISY (Plett, 2015)

2.1.1  AuUIAMANBALYBILUALADS (battery parameter)

wdetunauaiuusngndudmiunisna i udnvuzrounnes B9

Dol B ian1989a1509@ UL VDI UALADS USENINNT 9T

mmql,l,umt,m‘%ﬁwqwﬁ (theoretical battery capacity, Q)

AuuUAweIdudwlsiiuansislinaseqluihiuunmesaiunsasig

asaguenlaAwasuAUILiRILIUAIEn AugLuameIkandluniie Ah (1 Ah =

a a a = a Y
3,600 coulomb) ﬂ']ﬁl]igLllu@’]ﬂ']qll'ﬂqLL'UG]L@]@iLGU\‘WIZ]U{]ﬁ']lniﬂwf\]qimqlmmqﬂamﬂqiuﬁ@ﬂ

AUEUUST (1) 89 (3) (Husain, 2021)

M
m, = oM,
Fn
O, =xnF Tuniay coulomb
m |
Q, =0.278nF =% Tunihe Ah
Mm
do  mp Ao wavestalui
Q Ao USuaiseq

= a a a
Qr A8 ﬂ'ﬂ'uJ'ﬂqLLUG]LW@iLGU\TV]f]U{]
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My, 78 molar mass vassgildnanualuii

F Ao Faraday constant
n Ao Swudlannsause 1 looeu
X Ao 913U mole vaas19PlENEATLT

m’m%]l,wmma'%ll,‘quwﬁﬁa (practical battery capacity, Q)

mwmu:umma%"iul,%wﬁﬁ’ﬁﬁaﬂ%mmﬂmlﬂﬂwﬁufumLma“%'mmmﬁi'miﬁﬁu
295lihaeuenldiilodinsldon Fuinagiadesndt Q; Feanansafiansanm Q, léwae
nszUINMIUaRsUsEIeen NLUAIEIIINLI ST UgIEn UL UvBILUAmBITARgaLile

Wﬁmmﬂuaqiugﬂammi%lmmmmmw (4)

0, =[ i 2.0

0

e i, Ao Anszuafimeosnuiolsziduuamel  Q axldsunansznuan
Anszuafliifienisudesuszq Tunsainldinszualunsudesuszags Qo axilateeninlu
nadildrnszuait fadunaunanmewdsunsduiitivesuunmeiaziasesusmiily
nsdifldanszuags Wunalinisudesuszgldinafidenndn uenanildsdidninavosnis
fomUszquarlossumeuUAmeIidsHansE U ANTINYeY Qp IWuLAEIY

wsssu9aslnnelu (open-circuit voltage, Vo)

miﬁﬂ‘quﬁﬂismmiﬁwméﬁ’wmei’waaamﬂﬂaimmam%é’m%'uLLumma?ﬁ?uﬂszﬁw
Tnansldsasauyaluiln (electrical equivalent circuit model, EECm) Faneluwuusiass
Fananazdseneumeunadngliliiinssuansaazdaiunuduandugui 2.5 Jauang
dulsyneuved EECm a8nad1e iedunsuansmgiinssumsiiausesuunineilvignies

J

LaEINGANTTUNNTIAUNGRNTIUAFWBILUANEI A MNUaITduUsEnaun 18Tk uUT1a 09

[

sanibaus ity dmsu Voo, Wududsilasudndnaannisivasuudassiuiulssqly

LUAMES aumMnNveUAmes angn1sldnu suluianisemsihauluagduveuunnes
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Load

Vi RL

T

U 7l 2.5 Lmumaama%amalw%%aqmemaiamama (Husain, 2021)

wsesulinAa (terminal voltage, V)
wumae3 ddruusynaudainiifiidudinarsnisdaudszg lniszninenigly
a =~ & o Ao Y a S 0 a 1 )
WUALMBILAZ9Rs ITA1EuenTu3unI1 9980 ussrulihinlausnatineisenin Lsenu
910 130 Vr lunsUfon Vi Mduiudsidusdsaninanundoulunisldam lunsdl vq
ANEINILTIIUARTY (cut off voltage, Ve mmﬁ{{wammuumwaa’mwmLmaiaa‘luamw
a

¥

wieuldunazlumnsadudnumn v; delndidewsetiosni V., feduunmedegly
anlindenldau wsegnalsAnunisld v iesiudsineddaldiiesnesanisususnanin
mnuwdeunslianliedisgndesnadindifsanimaiannindaasldndnieneazidesly
anutinaly

anuzUszglililh (state of charge, SOC)

anuzUszgliin wie SOC iufudsiiuansiosazvosusinalseqliinisoyly
wuamed dsaninsaduslduumnedfuiinalseqluihaavdefiannmeoonuldly

Usuawinla Tunsiaisannan SOC @1u1s5afansantasuaunisi (2.5)

O~ _[ldt
SOC =—~ T 100 (2.5)

P

e SOC,  fe annusUsegliinaaiiy
Quo  fe USunausegluihluwunmesiaansusi
. a i A 2 v <
i AB ANTEUANAEPBNYTBUSEPLILUNNDS

AENNIAEUTERLINH (depth of discharge, DOD)
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AudnnsAeUsERlnda DOD ldienisuansdesavvesusinnuseqlihiamesen
VY a < & Y ~ Oy ! a v
AoMEAINNVBUUANET Fududulsiudsunduiua SOC uaraunsaiaIsamlaan

AN (2.6)

[ iar
DOD, = "’Q—XIOO (2.6)

P

WANULUALADT (battery energy, Epa)
wuatn 3 91eUszlid i eldaulunsasiiinisuennszurunisaenaidu
nszvINnsTenasuluguvena sl lunisfiansameamdnununmeituiadu
o Y & A a a a ° i
NSIRAMEIUT IUALUALMBIIElaeN1ITATINUTIIaUsER A geenin

Augiuksaiutalii Feanunsafarsantadsaunsn (2.7)

WAWUIWNE (specific energy, SE)

WAIUTINIE WDUNITRAITUIMIDATIATUTE NI NINAIULUALADI NAIUITAD e

1 v t:l' 4: a ¥ d‘ o U 1 a
9NUIFDAYUIAVBILUALADT TINANTUNANILANNITN (8) waz (9) dmsuan SE Tuida

ngufwazn U URaNE U

SE, =0.278nF &y Your (2.8)
m mbatt
SEp Ebatt (2 9)
mbatt

A a o ° a a
e SEr AR WANIUT WG]
SEp  P® WA UNILTUA TR

Mpatt  AB UIAVDILUALADT

[

Aa99LNE (specific power, SP)

LY

1NN ADTNTIAIUVDINIAINANL UM DIT1809NADIIATABUDNADABUIA

2e

ik

3
YDIUMLADS LAgAINTANINTAUNARILENNTSA (2.10)



18

sp= (2.10)

mbatt

2.1.2 mn?iauammaawmma’%ﬁLﬁ&laﬂaaau (Li-ion battery degradation)
LB iemsideuldvidlunadidnslinuarlunanilidnslieng Samade
anmsanarndunaannnndsunladdassaiiammeneainiazesdUsznoumani gl
mnududourednszuIunsuarngAnssumaidueg1eds (Edge et al, 2021) Lipsfoaiy
Fudouveanisiadiaudennmlagnsadunaly ludegdunszuiumsuseiiunig
L?{ammwﬁiﬁmimmi’mLLaz‘UssLﬁumﬂmsLUﬁauLLUaammmwsquvmwLLasﬂ'wmm
funuaelunsoduiiunudvesuunnes u nansldnuiagtudisuiu a nainas

Susildaru (Bai et al., 2016; Erol et al, 2014; Zhang et al., 2015) sazUsngludnume

'
=

YOIANAIUUTE mamﬁwaaw%fauﬁ’umﬁLﬁu%usuaaémﬁLmueﬁmmmqmsﬁwmmm LIB ey
finseiunazfunaliuumaetidonanwiuausoutsldfilusui 2.6 Ssagttulddnaig
y89n15td onanmAaldnnslE nuiiaveulnnn Ut sluguvesveuanislii
Asldauiiussiulninldmangansiudsinszuaildonulimungeay wasdadesuaudou
ﬁLﬁmmﬂmiﬁmﬂuqmgﬁﬁqaLLaw?wLLazﬁa%’amiLﬁwwmmaﬁLﬁmmﬂmsumé’m ATUNY
g Jeananldinnisléou LB Tusasudlwiihaziinnisidenanmiluanssaudnwaenis
STz dududusurliiansldnufiusssulniuas nssuamudnuaennsdud suluds
anuiinislduiidmadodnwagnginssumneanuiounes LB Wellanizuindeuseud

Wasuuvadly
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Cause Degradation Mechanism Degradation Mode Effect

Time SEI growth
‘ SEI decomposition \
High temperature <‘
- ‘ ‘ Electrolyte > Loss of lithium inventory
’ decomposition

High V, ,/SOC. Capacity fade

Graphite exfoliation

Current load Loss of active anode

material

Structural disordering

Low temperature Lithium plating/dendrite \ \
— %

Mechanical stress

Loss of active cathode

Electrode particle .
material

cracking

Transition metal
dissolution

Corrosion of current

Low Ve /SOCee collectors

d' v d‘ a 1 z:l' dlq =) .
E‘U‘V] 2.6 LLNUNQE‘I’]L‘WG’!LLaSNafﬁ%WU‘V}Lﬂﬂm@ﬂﬁiLﬁ@ﬁJﬁﬂﬁW‘U@\‘iLL‘UmLm@iaLVlEJll‘l@@@u (Birkl

et al,, 2017)

213 WUURIABLUAADS (battery model)
wuuFassesLuameIgniaunduduiuaumn ielimngaudensly
smilumsnynmshauvesiunnesluguuuuisisesnld LUUR 800 URADTLIAINY
Fudaurosaunsuaziulsiiradusonlumungujuazanuiguililunsadimienis
WRIUILUUINAD9A39na17 (Fotouhi et al.,, 2016) 3NNUSHALITIUNTTUNUIILUUINABY
Al nAans vasuumaes anunsawudldidu 3 Uszian Ae 1. wuudraeaadludl
(electrochemical model, ECm) 2. LLU‘lJﬁf’]aE]\‘i’Nﬁ]iazJaialWﬁ’l (electrical equivalent
circuit model, EECm) 4@z 3. wuudnasadietaya (data-driven model, DDm) luns@nwn
18 0nld EECm waz DDM il 89917A 111 TAT IUUUTIABILALNTHUIUNITN
AtlnAansdANIRIIzaunanislauly BMS (Feng, Pan, et al., 2018; Liu & He, 2015;
Zavalis et al., 2012)
2.1.3.1 wuudnaeasayalnii (electrical equivalent circuit model,
EECm)
LLUURi"]aaqﬂa’jmmam‘ﬁﬁ’mmé’asﬁugmmsﬁqLﬂquﬁﬂiimmi
YauresTEuL nieufensiaLnaunmIadamansiieasuievieifion1sviunengfinssud

(% L3

Usngiiodndusuuinasudelsednyg (empirical model) wuudaesvsauyaluiiiedn
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Hunisluwuudiassussiandingn nedumsinetgunsaimslilidahaduuuudians
agnednedi elfanunsauanangAnssun1syiauresuames ludnuae i unamans
druusznouil ugiuazUsznaudae 1. unastisliiinszuanssd usendn open-circuit
voltage (Voe) 2. fasnumuluiln (Rs) waz 3. 2sasvunusiaiuuszy (O wazdidiuviu (R)
i1 3 daulsznovaznsialunueunsufudauansuguil 2.7 Tae Rs Iiilon1suansan
ohmic internal resistance 29959u1u RC Miflonansmgingsy Inalsiwdu (poralization)
aelunumaed uuuiaedludnuasdgninaussenuilu 3 gUuuy lnefs 3 sULuLd

InuazwazaunMIAdinmannalun1sei 2.1 Fauansdinudsenauresuuuaeang 3 sULUY

' £
% =

NgnianTu Meluluuinaaefiandd Voo R wag C danasianinugnasavesuuudiaes lag

[ |

Fuwlsianaiazdanfiuasuluauaniienisiauveswumaes e SOC SOH was
qmmﬁm?{ﬁm Tun1sRIUIMIAT Voey R saz C ndudadldnszuiunisssyienanualves
5¥UU (system identification) 3111981529 HANITIAUNTIUATEUIUNITAINAIAINTO LY
15 N1INAIUNITUIANAUIZAUA8TTNIS least square LazI5n15 Genetic Algorithm
SfunamMmaansnoUfAng Mauvusaesiusnglunsed 2.1 wwudiassiiiees
YU RC 103N 2 2435 A1UTORAANGANTINTBY V, TLFFUBNSNANNNTE8mIIaTes
Uszqlaiiuazlesauldedsgndeos wlefian I 19 input TunisAuan (Choi et al., 2021;
Hu & Wang, 2015; Nugroho et al., 2015; Pizarro-Carmona et al., 2021; Song & Choe,

2022)

—AW—
R
AN o +
t .
I I
1
C
-
Voer °
O -

JUT 2.7 wwudnaesiaasauyaliiveswunines
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M15991 2.1 wuudnaensasauyalnihuagaunis

circuit equation parameter

I/b = I/ocv _I/l _IbRs (21 1) \/OCV! R7
ﬁ=_£+[_’7 (2.12) Cr Rs
dt RC C

o

Vo cv

(Fotouhi et al., 2015)
Vo=V, =V =V, = L,R(2.13) Veey, Ry,

ﬁz_L_F]_b C17 RZ’ CZ;
dt  RC, G -
S
(2.14)

v v
it RC, G,

(2.15)
V;) :Vocv _K _VvZ _V; _IbRS \/OCV’ Rl,

(2.16) Cy, Ry, G,

a__n 5
dt  RC, C
av, _ _Hov 1,
d  RC, C,
LGNNI/ S
d ~ RC, C,

(217) R37 C37 RS

(2.18)

(Cao et al., 2016)
(2.19)

2132 LLUUfSWamamuzqmmwmaﬂLL‘U@LmaééLﬁaulaaau (stage of health

model, SOH)

nstusanurauamues LB Wunsussidiudienadeuudasen
AnugUsEa S oAanudunigly a anngdagduiisuivannzdildaulaedsy
aun1slunisiarsandialuil (Pelletier et al, 2017) aunisil 20 Lion1sRAITUIMING
anaswosiAnuqUszlniudlolifinsldny Tne t AeszozgnanmsdaAulumiiety auns
7l 21 uag 22 WlemsRiansannsanasvesmuANgUszadedinsldnuiianwaudnues
n5l4Us2q (deep of discharge, DOD) Ing Ah AeUSunadszluiin dwfuanasii o By

q

way k uiuusiilasudninaanguuuunisldnuadumafifiamnsayssduadna
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1A21nN15n5EUINYSEL T UAIR8NaN1SNAaaT (fit curve) hay SOH a1usauseiiiulaniy

AN 2.23

QLOSS=0C1e(BlT_l)OCZe(BZSOOtO's (2.20)
Qioss=(V, DOD”+Y, DOD+Y k(AR ") e 10%<DOD<50% (2.21)
Qe =05 P20 0¢, e BePOP (AR05%) g 10962DOD=50% (2.22)
SOH= (%) x100 (2.23)

]
= o

4 [ . . .
2.2 MSYISAUAADIANSUTAIUALNAN (battery electric vehicle charging)
LB d@wsuldarulusasudluirdnduazdodasunisvrsaieliaunsadniivias
1 (% ) o K4 d' ¥ U s ¥ a o [
Fendaudmsun1studla e Jagdunisvisalvsagud lniasdidnwaznisvineuniy
1193gIUNIoTeUIAvTauAasUsEIMAN Bl ARz aNLasAulaendY @y
Uszinalneivualisagudlniiiazgdesdidnsargunsaluargiuuunisvisasiuiieanis
doa1958n719a019915 UaEI08UANINTONINUA 1BN.61851 (F1nuNIATFIU
a (. 6 ‘:3 1 v s (. d'
NERNUNYAFINNTIU_NTSNTNYAAIMNTIU, 2560) BILUIANYULNITYIIINIANTNN 2.2
uddidnvauzveslaniiensdennessnindarivisuazsasudlviifsgui 2.8 Fadu
anwauzaslansoluy CCS combo 2 @anunsalddmiunisvisalanudaninualu mode
1 2 3 uaz 4 nIeufuiinsdnsesdesaaadyaruniglulandagui 2.9 Usenauniy Hes
CP Miansinansseninesnsuiuaran1dvnsaiian1sniuaAunIsyIse Yo PP 1divenis
AF9TULar Ui UNITTIANNTEBETS N1TAARUTIVBITABUALUSZIINNITYISY U049 PE T4l
AuUaenneesnIialiiig Yo L1 L2 L3 waz N ienisangloulnilniidsainaand
y5alugesasudlnianuunszuaadu ge9 DC+ wag DC- Tdion1satelouniaslnilalu
= s o £ a (. 13
sunuunszuansnandusalusosudlniy (@dnauninsgiundndasignainnssy

NIENTNYAAMNITY, 2560)



M597 2.2 dnwrnisrsasosudluiimiuderivuen 1en.61851 (Rachid et al., 2022)

Charging mode

Specifications

Mode 1

Mode 2

Mode 3

Mode 4

- AC charging via on-board EV charger
- Non-dedicated power SOCket (household outlet)
- Simple cable without protection
- Unsafe (Risk of overheating) Not recommended to use
- AC charging via on-board EV charger
- Non-dedicated power outlet
- Cable with in-cable control and protection device (IC-CPD)
- Charging power up to:
- 3.7 KW (230 V @ 16 A) in residential use
- 7.4 KW (230 V. @ 32 A) in industrial use
- Single or three-phase AC supply from EVSE
- EV includes an on-board charger Dedicated cable and
dedicated power SOCket
- The EVSE includes control, communication, and security
features
- Charging power up to 43 KW
-Typical charging powers:
- Single-phase: 3.7 KW and 7.4 KW
- Three-phase:
- 11 KW (400 V @ 16 A)
- 22 KW (400 V @ 32 A)
- 43 KW (400 V @ 63 A)
- DC supply from the EVSE - Dedicated cable fixed in the EVSE
- The EVSE includes control, communication, and security
features
- The EV on-board charger is bypassed
- For public and commercial charging applications

- Charging power up to 400 KW (1000 V @ 400 A)

23



24

CCS Combo 2

Single-phase AC charging with Type 1 EV plug

DC fast charging via dedicated pins with CCS
Combo 1 EV plug

gﬂ‘ﬁ 2.8 SnwaiTidouredmsumsmsasaousindinniy 1en.61851 (Rachid et al, 2022)

Y 1

JU 2.9 dnvazdesdyrunislulanidausiawuy CCS combo 2 (Yaedya1an15v15a

mode 4 5U171) (Fosdeunyrautladsuuusasudlag sU%18) (Rachid et al., 2022)

v 4

2.3 erdananIsed (observer)
Hdunamsalifueiesdlevddunsmunuddddmiunsssananmouauss
Y0957 UUBATAEauvasiwlsTuszuuTliannstaanld nsUszunanienaaaunse
lugnisaavausuudaunduaniushaznisnsiadudedanainls taenislduay
U5ENOUMULUUSIa09AAA @RI T0ITEUULAZAIS N TIUE8UDIIFINANISAIT LT duse
nsvhuresszuUii el sUssanaanfiauudug anunsaldiznismeiiundsesen

pole Tuszuunazisn1sUsziliuannis Lyapunov Aldien1sUssiiuafs sn neesssuuniey
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MIMAIAINBUYBIENNTIINKUUTIARY 118 2 TBanusathlugnisussendlddmSunismen
dnsauveeNminzaluliazanugvesseuule dnvaglassasiailuvesindungnisal
dmiusruuliiudadu (nonlinear system) LuA93UT 2.10 F9Us2N0URIY v, 1T

Fyanaadh U Aedynnumuni y Aednsneuaussuedszuy X Ae Lamesanuziiions

Jounduludaimunn mnfiansananizaIutewuuinaaIssuukasfidnnn1salagLiy

lpdansatldgnmamannuianaiasenirinsinuvesssuule
wuud1aesUinlianiuy (state space model) 13 eafleddii an1sviauve s

L nmnisad Lﬁ'Ef[,ﬁmaﬂizmmamuzﬁmmgﬂﬁmLL‘U‘UﬁTwaadﬁm%’umwﬁmu?juﬂuﬁ’m

'
v a

drAydewian1sUszendldanu wuudnaesdiglianusiilaswaanludeneazideasdeluil

o

x=Ax+Bu (2.24)
y=Cx+Du (2.25)
il X Ao NsasuLlasuennnesanIuy

2 LINLWBIANIUY (state vector)

X
o))

NAKBIANIAOUAUBY (output variable vector)

<
o))
©

C
o))}
()]

6 o ¥ . .
LINMBIRILUILYN (input variable vector)

A D WYSAYILUU (system matrix)

B fD LWMINGLLT (input matrix)

C f® luvsngeen (output matrix)

D Ao WySngesrnu (direct transmission matrix)

Yret e K (et ) u &= flz,u) Y
y=g(z,u)

Observer

UM 2.10 lassasialuvessyuumuauwuuslamemsidmdunanisaiienisdeundu
(Adamy, 2022)
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2.4 1995931 TORANT DILATNITAIVANNUNIUABYBAANT B4 (faults

detection and tolerance control)

grususlaliiafnigldau LB Weluguuuunisfansauagnismsadsusinglu
193514 Dynamic Stress Test (DST) Federal Urban Driving Schedule (FUDS) tag New
European Driving Cycle (NEDC) danisviranuludnvaiziingnervdwaly LB 1ianns3ds
yioauannsalumsvhnuaniasdivy fasu dWeidunsnsam dhsstuasdesty
Usingnisitazihlugnsitiidesannslénudesndudeddnszuiunmsidadouasnsiam
Wielst BMS annsatestunisgnlvivionsitives LB I¢ dsnszurunisdanarndenn
N13RSIIMTVORANTDILALNITAIUANVUINUFBTBRANTB (faults detection and tolerance
control, FDTC) Imﬁﬁﬁgumaﬁ%ﬁma@ﬂugﬂﬁ 2.11 Tunsguiunis data acquisition 1Wun1s
n519 ¥R wUsTI U Input d9su BMS axUseneudas wsasulain nssualuiuas

gaumndl waztiingnszuau PEs lilefiorsamAiLysTiingAnssudsanunsntluidng
nszUrUNITAR AR Yy (feature extraction, FEY) Tasludunoutidunismsaaninig
T oauuvesiuusanan wuniuagiidoyaidagnssuaunis FD fLAnd usauluds
nsguUMIAANsaidefianges (fault prognosis, FP) flagiiindu wasindoyaiirgdunou
N53ANNTANNRANTBY (fault handling) 6?5&lffJuﬂwmumséfmﬁuslﬂumsmwgumﬁﬁmws'aaﬁ
Aetulneliszuuvgamehaiuiiviesansalivhausoldmeldinsauauludnuasis
gaulndinfienit FTC welesdulmngnisaifiagadramaideninnisviiauvesszuy
d1m3u LIB nsyuiunis FD dnagluguuuurasniingiam ISC nmsvianunaauvaddiin i
meluuna madouanmvensad nivRvesiuiulukummeTuazamiiaUninIsAm

Souvauwas (Hu et al., 2020; Kang et al., 2021; Sun et al., 2015; Wu et al., 2015)
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Data Acquisition Fault Diagnosis

Fault Handling
{ Data Collection | [ Fault Detection |

+ ‘ -1 Diagnostic/Prognostic

{ Data Storage | [ Fault Isolation | Results
. 2 | l |
Fault Estimation Yes .
Good Condition? hﬁg:;‘gf‘;‘;

No

4, Recovergble Yes
‘Fealure Representation| .’:ault.

i - ’ State EstimationJ ‘ No

I ‘ Generate Request FTC

Feature Extraction ;

{ Data Preprocessing |

Fault Prognosis

‘ Feature Extraction | "
Alert aintenance

4, ’ State Predictionj

‘ Feature Election |

JUN 2.11 unuisduneudsnisasiamdeiiansed (Hu et al., 2020)

2.5 MIAUANIUNIUABYBRANTDY (fault tolerance control)
Wietestuiliszuuiiansdumaiensivhdleindefansedlusenineanisvine
mseuaumshauagldannzdsnaniaduniumumiioanlenianisinaudene
ausavinnulaniglivevianiasads @amisadidadulaznsianidodanses sauluda
anTnszyanasfiinvesaufiansadld dnvaznisvhauwduiiendt nseunau
numuseteiiansas (fault tolerance control, FTC) FannelfanniznisiindeRansos ns
AIUANNISYINIUTBITEUUAsakentidy 2 sUkuuldun nsauauvumusiedeRanges
wuulaiusud (passive fault tolerance control, PFTC) 1‘71'?]3ﬁﬂ1ﬂﬁﬂﬁ1‘14ﬂWii%ﬁUMU@mﬁﬂiﬁu
mseenwuuliifioanuszansainnsianuresszuusadeasimennuiiadosainaigld
vouafigauld szuu PFTC aglddesnsdyanatoundu (feedback sienal) 9ndeyeayias
L@INA (output) WATNITAIVANNUNIUABTRAANTBILUUYTUAT (active fault tolerance
control, AFTC) tunsmuvauszutlagliivsednsamuaziaiosnimlunisvinnulig e
aeldannznsiiateiianges Ingltinalianisusuasudnugy (reconfiguration) (Hu
et al,, 2020; LI, 2016; Mahmoud & Xia, 2014) IAgdATNTINVDITEUU FTC oﬁ’mamiugﬂﬁ

2.12
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Controller Redesign

i
|

|

|

1

‘ Fault - : :

} Accommodation || Reconfiguration Diagnosis
|

i

|

|

|

|

i

|

|

New Controller New Control

Parameters Configuration Faults Faults Faults

Reference
Signal

I Input — = re QOutput
| Controller e H Plant |_.| Sensors l——p

JUT 2.12 WHURISEUUMIAIUANMIUMIUsBUaiiANTae (Hu et al., 2020)

26 wAdEAgades

Cai uazAM (Cai et al, 2021) AnwmgAnssunisasuulasgamniivosuunines
wmsu&ﬂﬂﬁ’]mﬂé’fgﬂqumieﬁ’u%m New Europe Driving cycle (NEDC) &3lunis@inwn
Aana19ld EECm wuuda9359u1u RC 2 3933AUANULUUTIABINISIANAIN T B UN 8Ty
wusaedifuaiesiiolunsfnw ludwwes EECm Idvinisssylendnualvesssuulagly
NSLUIUNNT least square ﬁi%’mamiwmaaﬂuﬁawﬁﬂ’ﬁmiﬁﬁﬂmiﬁu‘ﬁﬂﬁ'ﬁ Vo way i bu
seninadszaliliuunneiuazaeyszglniiiesnanuummesidingnsruaunsuazaum
AU 4§ HansAnwnuIuusIaesiitaun duiidiauaaansviiue vV eg
1939 -0.16 §14 0.20 mV

Pang uarAMY (Pang et al, 2021) WAUILUUTIABIY0ILYALADS LAsATTLATY
wuudraesadinmanivesnnufeudily ludau EECm 1dl¥uuudansiiigas RC 2 2993
wioufuldnsnaassiiniuguguvniiveseinianieluiemade ULURLABITIIU 5 oyl
wagnsruaumslunmssrendnsnivesszuulinsvuaumsfiiiuguaniBms least square
nan1sAnu T i el #35nsssyondnualfimanzanazanunsnifiuauusd ug
wuudaesle Tnglunsfnwidsnananunsafiuanuusiugldgegn 32.3% Wefisuiu
wuuiaeew19dilunisdn

L. Wang waganz (Wang et al., 2022) simuuuuiiassndinmaniveauunine3lag
¥ ugIuves EECm wuv 1 2 uag 3 2993 RC Tunszvaunisldineuvusiasadag
nszuruMsABugUuuUleyludnuugvesaunsign (discrete function) 1835013

Z-transform a1nuulamnudunusvesdiindsluaunisigauazaunisaeiiaslulaiuuiia
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(continuous function) wazldnszUIunis Recursive Least Square wiansmiafawdsly
LUUSIABIUDILURLABS T LN TAeITaduUnmeI wuYL 2 Wwad TunsAnwididenld
simscape library iien1sasisuusaadluneufinges mnwanisinwilewSeuiiaueiild
MNUUUTIABUALIINNTNAABY FgnuIFULUUMSIE EECm 1819995 RC 12y 1 2993dlen

ARNALATOUVBINTTYINUNY Vr AfigansouiuliAlafenuna AR ouYeINITYUIENTELA

=

dfian wenanilumsinwldvhnsinuwnginssunisiauresunnedildeadlnihi
A1 SOH sinsful 100% SOH uaz 80% SOH I1wvuudy uuusiassiiiiess RC $1udu 2
29simuiuglunsinnedn V; wagnszualwihfilvasiuudazivadinndige
NAN1SANYIVeY Cai havAue (Cai et al, 2021) s'ﬁylﬁt,ﬁm'mumma?ﬁqmamﬂ’a
wWasuwdasmugunad Taglunisdnudananldviinismaasalaeauaugungives
Aauandounaziinsuuiingn Vo i, Lﬁaﬁ%ﬁumiizqLaﬂé’ﬂwiﬁmaﬁzwwudﬁmﬁaLL‘UiVi
Usinglukuudiaes EECm fimsneuausssenisiudsunuasgangil uenainidainisnii
wuusiaes BHGm sauduluudaesadamansvosnisaneimaiuioussninaumnne’fu
fawnden denuitwanisviuieAgumgiiiveuunneiiinnunraInlndeuggavinfy
0.8°C warilanAunainiad sugegavesmsviiuieneldaniiznisiaumude M
NEDC geaaviiiu 5% Tasmsiasuuvasasuyslutuusians EECm 10udiagud 2.13 &

WNAUBNGANTINVDIAT Ry, Ry, Ry, Gy Ua C, Wiegnuniivesiuninaiuay SOC Waeuy
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(d) ()

gﬂﬁ 2.13 waAnssuvesfimydslunuudiass EECm (a) Ry (b) Ry (0) C; (d) R, waz (e) R, (Cai

et al., 2021)

Amini kagAnz (Amini et al,, 2021) YILAUBLUUTIADINITANYINGANTIUVDY
wumnes nelddarinue FTP-Highway waz CITY-l USA #28n15u1uuusiasd EECm way
BHGM ¥i1a1us il et auengAnssugungfiveauunines Nan15ANY1E LKL
wuusiaeais 2 ansavhuienargungildRuandugud 2.14 uasiidarueaiaedou

Yeansviunggaunniiviniy 8.5%
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Charging at 20°C Discharging at 20°C
50
J
O 40 ——Model 1.5C ' —— Model 1.5C
- Exp 1.5C Exp 1.5C
45 N\ Model 1.0C 40 ). Model 1.0C
= A\ ——Exp 1.0C (a) Exp 1.0C
® \ Mogel0sc| | (@ moceiosc| | (D)
-l N Exp 0.5C 30 Exp05C |/
= NN j
[T 25 - \*"\‘ .K N / 7‘——_‘__‘__./
b= \\\\\-—_\\ /,_e.ﬁ:h
= 20
0 2000 4000 6000 8000 0 1000 2000 3000 4000 5000 6000 7000
Charging at 35°C Discharging at 35°C
60 = 65
—~ /\ J
© & 7\ ——Model 1.5C 60 / — Model 1.5C
. / h\ Exp 1.5C 2 g Exp 1.5C
g o Ll \ Model 1.0C 55 / Model 1.0C
s ||! AR\ Exp 1.0C (C) /" , Exp 1.0C (d)
@ | e W\ Model 0.5C = Model 0.5C
a 45 B~ \ A\ e -
£ |/ N\ \ xp 0.5C 45 = Exp 0.5C /
/ N e =5 / /
& 40§/ N N ~ 40 |, / . T e
. S S - Y =
35 35
0 2000 4000 6000 8000 0 1000 2000 3000 4000 S000 6000 7000
::l' a ‘:l' = - P
UM 2.14 9UnUUBILUAKMBDIIINHANIIANYIVDI Amini WazAuy (Amini et al., 2021)

Schuster uagaay (Schuster et al,, 2015) 18MUNANTLEBUANTNYDY LIB n1eld

a ¢ aa ] v o = A = = = @ a 13
an1eMshaufaniAgzdwaliddnsnsidenanmiguliowSeuiisuiunsiaysa
ArgUTuaUsEliinge waznishavisanazysalumnssualiiniasdmald LB dinns
denanmiiuinndn smeamgiiludnuisladenmivnilvnisidenanin uenani &
WauenginssuvesaInudmumunglukunnesluan1tennisidonaninda1gerining
Aununigluvsianivgaduienanddugun 2.15 Faduanmiiesninnsuasuulamig

AeA U bl
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=y
&

——35°C(AV])
50 °C (AV 1) {

—=—35°C (AV T)

——50°C (AV T)

——25°C (AV T)

0 500 1000 1500 2000
Equivalent Full Cycles

Rel. Capacity
o O o
A O

Rel. R

0 500 1000 1500 2000

Equivalent Full Cycles

0 500 1000 1500 2000

Equivalent Full Cycles

JUN 2.15 nswdsundasanmiuguszabii Aduiiuaudvesuunmeidiieulossu neld

)N GRINORIVRH

Sun uagAmy (Sun et al, 2022) S1BNUNATDINTTUATIAAY13ITBNITIUA UL
SOH #sgududoyanisldnu LIB menssuafigeazdwmaliiianisidouan mludnsniiia

sdaaAnuiununslussinnuasuslasnuusunadsegliihnidagly LB wagasd

v

AN UAUAINITE DLAN NI NUTY WaNINTAIANIUTERT Tl ngAnTTulufianig

q

Wwenfudaandlugun 2.16
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JUN 2.16 manudumunglusunmeIamienlessy nelddnsuavesUSunauseqlnih

LALANNTELALUNITAAYISD

Dey wazAmde (Dey et al., 2016) UAUBNITATIINIVDINANT D4 miﬁzqa’lms@m
nosuarsrdumLIuLTeoinansesiifindunnnginssunisanudou Tasldimadad
daunnn1uessyuy (observer base method) A3guwuuIIARINNANAAIANTNI N LAY
mnufeu wiendumstmungasuUABULUUUSUM (adaptive threshold) 989715752991
Tngauianseseondu 2 sUuuulinn AUARNSOIweIRMnATLNUNALasAURANTET
maaqmmﬁﬁyuﬁamaé WiauAuNITILENa e veInIsiineondu 3 nsdifie 1.113
uaniaguemdeuvonvadiazdunndon 2. msdemanuieunisly 3. 8n5maianm
Souvonwad watliiuinduneultannsonsadutofinniests 2 suuuulduasssannan
szyanmmaseufioniadlin 3 anvendousuasausnseAuaTIUTasa LY A
MnnMsuandsumiuieuveasadiazdunndenuaznsaemanuieunisluld lagd
iz&%Lﬁﬁﬂ@i?%WU@61QQLﬁﬂﬁU 32 Junfiuag 87 JuNNudINIsiaAUAANI 89 laedl

a 14 Y a 1 [ d’
'ﬁ']EJﬁZLE]Elﬂiﬂﬁﬂﬁ'ﬁ']ﬂsllEN§3°U‘UGl'ﬁ'ﬁ]ﬂ'lsUE]NﬂW'iaﬂﬂﬂugﬂﬂ 2.17



34

Coolant

Diagnostic Scheme

Observer-based Adaptive Threshold
Residual Generator Generator

Thresholds

\
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I

I

I

. I
Residuals | "1 T T1—¢th T2_th | Adaptive 1
I

I

I

I

I

I

I

Residual Evaluation

Fault Information

JUN 2.17 S3UUATIIMIVOIAANT BIVBSUUALABT Alaulasausgn1saindnuvmue e

Anseid wssnuliihuavanmalivuanes (Dey et al, 2016)

Emanet uag Kiyak (Emanet & Kiyak, 2021) 1i@usnsta BMS Iug‘ULL‘U‘U master-
slave board dw$u LIB Aifluseiulyifi 36 V. IngldguuvunisiSoasaduuy 1052 uayld
Nf\]iLﬁma%fﬂ(integrated circuit, 1C) éﬁa Texas Instruments iq"u BQ76940 L‘WIEJL‘ﬂu IC AmuAY
MsvhauaaLwads iy MOSFET twes DMN2004K Tu salve board wagdeanssinu 12C fu
Uagn STM32F072CB vy microcontroller #1913y master board Inefin15d ea1567
ussfulwin nszuawasgumgil dmsu master board §4il CANBUS Lilensinsiedoasiiu
STUUABUBN INANBALNTUENUKNIITAHALA UM TUBILNI9T BMS Tarand1ag
Yoway 5 Weifisuiu BMS fidmirgluviesnatn iuwald microcontroller l9i§unissuniu
MnnAnufounazaumLsimanaInnszualiiivesuUnAeIAAs

Canilang, Caliwag, waz Lim (Canilang et al,, 2022) tiauan1sld IC aelu BMS i
a8 lugUkuy master-slave board @1%$u LIB 4 wena lauuen slave board panvlu 4
U193 levimihilunsasiatadussiulwih nszuauazomniivesega FaSenin LMU
wagld BMU d10u 1 usenses Tnefisuuuunisdoasuuueynsussmning LMU fu BMU #if

= v

IC wuu LTC6803 tugunsallunisuiasdygrausuzdenduiines dedeyausznaudie
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usssulniindruau 4 doya uazgamaisnau 3 deya Tunisdeans 1 block dyaia niou
Auldlusunsudmsiunisieuees IC Tu BMU wag LMU lagsiinmunain SIMULINK wagldnis
waslusunsuildlifduntw C/Cor dmiunisienwes IC ULUU BMS fananianunsayii
msiasusssulifihesvadluegaldlneisnuesmamandeuidsaeiads (root mean
square error, RMSE) 11U 0.0018895

She, Wang, Sun, Liu, 4ag Zhang (She et al,, 2020) Wtauan1sldUyy1usehvg
W ansUszifiuadnsinisiiud uresusealaia (incremental capacity, I0) Tagnsld
szezyisazanyessasudluiii A1 SOC Anszuanisnnda Agamgiidusudsid uas
fauuuusiaest yyUseAvgdefugIun1sMeIuLUY neural network Wan 15N
fanamdi IC Sananasuszsrmaisaranvessosudliihiifistusasiuusassangn
ansadszanan IC TnedAianunainideuedsegiisoar 4 Tnsunufewosnisaing

wuuaestyanvsehvgduddduun 2.18

e

Hidden nodes
@i(]] x-x1]1)

Input nodes

Mileage

Charge initial SOC

Average charge
current

IC peak value

Average charge
temperature

Average discharge
temperature

Classification index

Pl x-xci]])

P o o ° S v a o Y] Y
EUVI 2.18 LLNUNQﬂ']iaTNLLazLL'U'Uﬁ]"IaENGUu@]uﬁﬂaﬂ{jﬁyﬁyﬂﬂﬁgﬂﬂﬂaqWi‘Uﬂ’ﬁUi%quf’ﬂ@@iq

nsiinvesdIuYsERlulunmeIaWieuloasu (She et al., 2020)

Li wagang (Li et al,, 2025) MN1sAnwInaveIndudeuuyngnlu (bearing) 7
LARINIUAILUTNIAIUNTH WA IR UTINALAZYUYDIN T Y FIUAUNTIETWIT dynamic

time warping ( DTW) waiz Generative Adversarial Networks (GAN) Lﬁam'ﬁm’mﬁquaﬂﬁu
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Arandsmeuuyegniu wadliifuiaraldunivesyagndudedinisdnvivasesidly
dwmalinsduanioudueundye fastuilonudnvaeiinnuguusanniusazdmalien
foyaounsunadinarnianadeauulunnyagniuluaninuni uasduds oTw anunse
nsduauliunfvesnsduasiitoudsannsolfifueiesdielunsivesnudnvasves
s1alula

Miraftabzadeh wag Aty (Miraftabzadeh et al., 2025) U I@UDATEUIUNTIATIEN
anlinfAnueaya photovoltaic cell (PV-cell) Aivhauneldaninuandemisadu lu
mddedananldmuusidsining pv-cell ilusiauuslunisasafu Tngldduis oTw Tu
myieszsinliunAvesngAnssuidsiidh fuandugudl 2.19 suiluddddnszuauns
SoudreaiA3es (machine leaning) lumsasiadumngnssuvesszuuudisinnsyhavlivng
Tnenszurunsiinaiieuausalun1sns19duiian Flscore accuracy Wiy 95.38%

wagA recall WINAU 92.45%

—— Normal Normal

= Anomaly = Anomaly
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'
a

JUN 2,19 wanmsiUseuiisuanulaunfvesridaluliln (Miraftabzadeh et al., 2025)

Ferreira Machado wazaae (Ferreira Machado et al., 2025) @n®1nSEUIUNIT T
mumﬁﬂﬂfjmaﬁzwlamaﬁﬂ (hydraulic) NHANWENITVINUYDITLUVAININT AR
[y no’ L 1 a 1 3 = o d' v I Y]
auvesuluszuy Agamgll Anisduasiiiouvesszuy Mastnidssuuldau Juda
wUsAaRulun1sas19szuUmaEnsIaduaulduninisvinanleeldimaila DTW squiunng
Seuirennies nadiliiuil DTW Wunszuiumsiianunsarnwenaiuliunfinvesszuule
Asednlaeg19fkaraIsnULWANSARKENAINE 1IN TEUIUNNSATUANTEUUlT AN

wisnzaulunalissuunuauansalunsseueaL et gay
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Han uazAn (Han et al, 2017) AnwangAnssunisdunisnavesyagndulu
osdnsiitiendeyanisduluguuuuredamuamuiuasiamunaidgnisuiunsdauen
Amsduaziitouresasdusznoulugagniu Tdun s1euen s1slugndu annszuauns
é’méfnmmmﬁﬂﬂgjmiﬁmLLaﬂé’fgzg']mmiﬁ"uiuiﬂLuumm?{mmgﬂqﬂflulﬁl,t,aju&]’ﬂmm%u

90 Iagilen DTW veensdunienaiilaannnsinsiesimdygyiunisauasiugy

30 T T T T T T T .
° Normal

+ Quter race
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25 | © Ball
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Samples

U7 2.20 fn DTW 993msdunanaaingmgniu (Han et al, 2017)

nmsmunurssunssdluund Iduandiiuiaesdenudiiddyieafuwumaed
Aieulooou (LIB) feuavdnnisviieuiugiu, dudsaudnsue, nalnnisideuanind
Fudaud sdenalnensanornnuqUseq (Capacity fade) wazn i urasanudiuniy
aelulvauisuudaesmandnmant lnslamizuuudrassisasangalsiiin (EECm) Fady
feusvegreniuvsluduaruasolunisiiaemginssuidanamansveauunimas e
ot 1sulue venand deldnumuimquiinnsauauiifades Wy dadananisal
(Observer) uartuneuisnisnasramdefinnsos (Fault Detection and Tolerance Control)
FadunIesdoddglunissnwaiiesnmuazaudasafevesszuu sgrslsinuie
finsanaAfeiifeadestduaznuin JagtumAdegaiummusiugivesuuianag
sATedunliiauUUSaes EECm Saufutuudiassmnufeuiieliannsayiuneg
ussuliiuazgamanfivesuunnes ldetusiudineldanniznisiey dsiinszuiums
dfnyie Msszylendnuaiuedszuy (System Identification) fiflmududouuazdeslideya

31nNInaaesluieslian1g Feealuazaindanisinludsegndldluaniunisalass uas
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wansznuvesMadeanmiitiaduain snsinsvnda msfanda gamad uaz DOD  diua
Taonssesamsidenaninues LB fauanieensinunsidsuudasessmniivesnely
wunned uaztilugnsiauimadianisnmadudofansodaslduuuiasaduiiugiu
(Model-based fault detection) tlemsiiaiikaznsraiuanuiaunddulniiuagainy
Jou seninnisidnuuaznsussendldUayaussivglumsussiivaniusauamaindoya
nsldauase

Mndeyateiuaziiuledn suAdefudunsiaundanedfiuifianudutous
dmumsnnadunuliaugaresnsidouaniwsznitasadmeluufinuumned lngiane
8198 sn15lFUszleviandoyaii anunsadalddreluseninanszuiunisude dady

a 1

anunsalinulimiluaziidnenmadunisiiluldauate wu e andvriasogudlnin

a

W33TUUTANITLUALALS (BMS) uudisa deliiusingauddenimuvieussyndldvayaun
wn Aeiy AT HTNAUBLUININMIHAUITANDTTULAZLUUTIADINITIT BRI VBUAT B9
= a v < oo = 3 ! (Y o
\eUsziiuanuzlarn ITULINLUAWEI AN Sldeuan Mvewaauand 19y Tngardens
a (3 a a s [ o w A a & !
AnTeinginssunsnevauasdinamansveussnuliiuasidlniiifieduseninans
91359 Faazidussdauslminduselegddonisungesnw, msiiuanudasads wazns

Uszliuegnisldnunsndevesuunwesiusagualnihlaegeiiussdnsnimeaau
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uniilaueuazdonuesisn15idy WefnwmgAnssuvesuinuuan o3 Ndiwad
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donanmlusegauiiuand1aiu Inedingusvasdiieimuldunowisnaiuisansiaduas

[

39908ANUAAUNAVDYAR Lo 0819wl UEN UITHT LS UAUAIENITODNLUULALINAB

a o < = 1 5 = a = o v P 2
WOANTTUNIINNUVBILHNKUAMBTIUFULUUAY 9 91nTudseduietiamsiideyanialuly
TunrswaulunadyaiUssAvguazdunoudsd Dynamic Time Warping (DTW) i 9@314

FZUUATINTUTANNT0TZYLANLUALA B TLadiFouan nunnseiula

3.1 NOANTIUNITYNUVDIUNNUUALADS

'
=

WordunnsansungAnssunsinauvsswinLuawmeINildiulsenouveswadi
& v d' 1 (% :JI (% | s
W@onan nluseaui uanm1eny Nelun1snouauenILsIa Ul 1nonsELan153139

Maslnidilglunissnsa Ieeianig@eau (initial condition) i SOC wansneiy Tuaudded

)

[

JatmunsUiuvvesinuummeIeanilunmun 6 UkuUNwAneiy diseazidenluniing

a

#1 3.1 Weguuuud 1 1\ Jugundwadnfinsdenanimluszduwiiiu Faiendn conf.l JUkuy
a =2 < @ Aaa s o A ! s o 3 a o
#1 2 fia 4 Wuuiinuuameinfiwadidenan mluszaungininead duduiu 1 wad lnginms
Liluduniansingiu 158031 conf.2 conf.3 uay confd dmsuniinuumneingui 3 1Ju
2 Ao ¢ A v ! 19 v av & '
winfifiwadidean nluszauanusunswneiy 3 seavu laglunwideiiisendn conf.5 uay

conf.6 Tunsnaaauuvieenidy 2 nsnaaaulnedisivazidenn1uited 3.1.1 way 3.1.2
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A13197 3.1 dnwaznsiSeawadn1elulinLuames
o s dl L 4‘ =
A19UN LLNEI Palsan
+li- +h- +li= +i-
SIPI S2P1 S3P1 S4P1
1 Conf. 1
+li=- | +h= | +l1= | +lh-
SIP2 S2P2 S3P2 S4P2
+l§i- +h=- +l=- +L-
SIPI S2P| S3P1 S4P|
2 Conf. 2
+hi=- | +h=1| +l1i= | +l1-
S1P2 S2P2 S3P2 S4P2
+hi-  +h= +h- +|-
SIP] S2P1 S3P1 S4P|
3 Conf. 3
+ I— + I— + I— + I—
| | | I
S1P2 S2p2 S3P2 S4P2
+ 1~ + 1. + I~ +|1—
0 | | '
SIPI S2P1 S3P1 S4P|
4 Conf. 4
+ |~ + |- + 1~ +1-
i | | I
S1P2 S2P2 S3P2 S4P2
+hi- +h—- +|-
S1P1 S2P1 S3P1 S4P1
5 — > Conf. 5
Hi= V= V= F -
||
S1P2 S2P2 S3P2 S4P2
+i=- +l§i=- +|j-
S1P1 S2P1 S3P1 S4P1
6 —{ Conf. 6
+h= | +li- | +h- | +i-
||
S1P2 S2P2 S3P2 S4pP2
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3.1.1 A1SNAEBUNTSYNIY constant current - constant voltage

o

N1INAADUNISVITINTNUTTAIALNONITATIMIIUAIAUUTEY WeANTTY

9

o sn Ui Fearunsailianisussanaan SOC lamuaun1syi 3.1 AsEuIunIs

Y

NAFBULSUAZLDYARIL

(3 (3

1) WwadvnwaangluwiinuuameIvinnisaeUseqlila (discharge) oon

9

T Y
o

Tngrmuausssulifinfidgavindy 2 V uassinwadiduna 1 $alus neldenmgiivies
Wity 25°C TnelusnuAdeimmuslfifugamglisrddmiunmeasuriomn

2) ileUszneuwadliiisUuuunusisazidonlunsned 3.1 dudumsnie
YOIMUAADTUUY CC-CV FaAInszud 1/30 crate lusAdoddawiiiu 1 A aunsedi
usstulwilaidadidviitu 14.2 v uagnszualnliinansindt 0.5 A ngan1snsa wagin
wusmeTifuan 1 $alug

3) fuluMIANUTTUMADIMEAINITZLAINTU 1 crate Tnofmualinig
eUszgugaiionsssuliihiidafidmiat 12.4 v uasinuunmeiidunan 1 92l

4) siflumsvisaietuiinnanisne uaussiiegULUUNNTSA CC-CV #ag

AINTEUA 1 c-rate FUvAU 30 A NF0NUSIIUGIEAYINGU 14.2 V uazmmvualinszuIung

9

(% ¥
[y

dugauilonszuaanasindt 1/30 crate Tuaddeilfiainiu 1 A
3.1.2  AISNAEBUNISYISUUU pulse

NISNAFOUNITIISALUY pulse ﬁi’mqﬂizaamﬁ'aﬂiuﬁquﬁﬂssmaa
usesulwihidanas idslniihnisvdaveufinuunmesin 6 gULLUULﬁamiﬁﬂﬂﬁiﬁﬁmiﬁm
wenuinuuameInfiwasidenanmlussruiiuand1siu lnenssuiunisnageuilsivaziden
et

1) lesidunisded 4 luded 3.1.1 wduase dudumsaneusyqladi
wuiufudeit 3 luide 3.1.1

2) andudnyseglnilinluainseuawiadu 1 crate (30 A) laun1sdalu
SmunnsasunUas SOC ASaas 0.1 w3 10% SOC wieufusinuunwmestfunan 1 49l
nousuiiunislu soC sefudaly dedimusliussfuliiingegadiawindy 1.2 v uas

[y |

nsrUIUNITAUAnLilaANSeualninn1Tananaswngl 1/30 crate TuanAdeddanviniu 1 A

3.2 WUUIERINTIREU3vaLATRdmIuN1TUTEINMAT SOC
dedunsuszanuan SOC auduisnsaaueniiviauelueudsed lusdedss

UNAUBNTLUIUNIINAUILUUTIABINITITBUT VOUAT DY XGBOOST 1 an15UTeu10An



a2

fanana Tnefidemasouagu mavhawunfeufuuusassadinmansfiieados maden
Ardnyuy NsUsEaUsEAnEnmNsTuTs LU e iva Ty
3.2.1 Extreme Gradient Boosting (XGBOOST)

LuUTIaansiioudveans ee XGBOOST iunuudiasedl fauireain

gradient tree boosting Tagnszurumsianuluiuisgsmen tree vaneduiion1syiune

aeliveuislunisvirungadfiandmineiviugldluveuinves tree usazdu 74

Aaudnval () Wusulsissuuaziiatmne () Wunavesnmsiiusanyadoyaioun

WU N oy D={(x;, Y1), (<, Yooy (o, Y} Inedlflaidutelunsvinevesusias tree i

Tanan1syinuIefsauns

F(x) = Yi=1 fr (%) (3.1)

LEF (3.2)
A a °
ek A9 FIUIUVD tree
F AB YAFUNITNTYIIUIGVDA tree UrazAu

nszurunInseusvedling unisieuiisunavesnisviunedunassadaie
Usngnisvinefraiandeulinaszaesniiunisuiuasustugaaunitsnisviungln
\elviAn1seanandeudanuRanaiamgalugatoyadmsunisisous lagaunsaiiansan

lafsaunis AMsanen Loss function (L) saufuAINsivdgullasiuusaeluyaaunis

UEVRN tree NNAY

] = Z?=1L(J’iF(xi)) + Yhke1 0 (fi) (3.3)

=

i J Ao Medudmungnmsseuivedlung
L A loss function
Fix) @9 wan1sviung

W(f) fAe complexity of the tree
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3.2.2 MsAALABNAMANEML

mdedfinsannsldnvesnudnvusiiouszanue soc Taeld3sns
AsfsEAUANNFUTUS sl UIAMaNYMELazeA SOCI AI8NTEUIUNTT Pearson
correlation (Zhou et al,, 2024) Fadunilslunszuiuiiansnsafiarsanisanuduiusvesd
wUsaassaislusedunagiianisanudusius iernudusiug Pearson correlation lu
sideiliFendt PCC fidgeannsonanlddni 2 Fudsianuduiusludnuasud s
psaitaauileiiouiu PCC fidd Tufirmanssiudiamin PCC flefnaugs asdusiug
finan9zidnvauzuUsuniui Taawdewisusiu PCC fifnauioania (Elbarbary et al,

(
2025; Zhou et al,, 2024) Fsn15RansanvA PCC ailulaaeaunisansi

PCC = n(Z?zlxiyi)(Z?:lyi)
JI0 SIS 0) N B Y- (2 1)

W n Ae IuINveaya

1 o A

x A9 ANYRIUBYaFIT |

P

y; AD ANYRIUBYasaTN i

3.2.3  N15USSEUUSEANSAINNISYINIUYBIUUINGDS

LUUTI809N19458 U3 V0 LAT DIl R UN A LINIlATIAT1e Seusyadeya Tu

9 Y

' 1
o w =)

nszuunsUssiduauanansaluni s unnddunouddyi en158 Uiy
gnfesvetnsUszanaridefinadnuazanmsldnuaisdaulifuiuudiaes Tunuided
wuuT1aesilasudunuusiaeedi i an1sUsE e (regression model) sat U3
N3¥UIUNTUTEIIUA1AUNABIRSLIN1TNAITUIHIUAT root mean square error (RMSE)
mean absolute error (MAE) Waz Coefficient of Determination (R?) lagainisanansaula

AMnaun1seolul

RMSE = 251,07 - 502 35

1 A~
MAE = —¥i_1ly: = 3l (3.6)



aq

R%? =1
Yl vi—vi)?

e n Ao IUINTLIURYA

y; Ag ANUBYATI

A | Al

y Ao mlaainnisussanuneilendu

'
1 a

y Ao Alafgveteyadi

3.3 WUUINERIRMAAEASEIUTUNITUSTINMAIRAd N HdaU T

wwuaeaiiensUsznaaidsiiilunadeildiiedunsussmamanids
lyvhnssauunmeslaeilensiamsiuan SOCI wazagMidunsmial Vr uag Pa, Meoauns
Tuwvudassadnmansi IngUseneudsuuusiaonasiiiiauyavosunnod aifiey
ooy Funeuitiiioyszanuaiuuslusuusasnsasivifihauya

3.3.1 wuuiaesesinihauyanuaneiaiisslossy

— AAA—
R | |
4
e
C, Vi(t)

JUN 3.1 2asauyaliihvesunnesaiiiedlessu 1 order Thevenin

sUM 3.1 wannsasauyalniiveswunmeififioulessu lneliosdusenaulaun
wseaulni199510n (open circuit voltage, Vo) imtintadounssulniinelulunmed
AUAIUNIUBYNTUNT BANA1UNIUA8TY (ohmic internal resistance, R,) 1uA1A
4 al a o (% ) (Y% A Yo a a
fumungluveausiaes tunsavinauluaniizawi taadudwdsatasudninaain
prUsEnoUNIIIEnImAneluluaees (Huang et al,, 2019) way R, C; WJudiuusznaud
ntifion1smevaueslutadnnu (transient response) dadunatfiosarnlwarlsivdu

va3n13a1enUseafineliiinanuliidudaduseninanseualiinwd sudrunas
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wsasulindidaveuunnes (Ding et al,, 2019; Huang et al,, 2019) 3naN¥ULIATIATS
uaresiUsznouasnduIausuli Adaldangaaunisanad Tasnsdnisenda
szl fdouiirinuianduau

Kirchhoff's Voltage Law (KVL)

Vr = Vocv,soc — Vis = Vrer (3.8)
av [ |4
RC1 _ _lt RC1 (3.9)
dt Cisoc  CisocRisoc
Vrs = Rs,socit (3.10)

AUIBINAN state of charge, SOC laanaunsaisil

[i.dt

Soc = soc¢; — (3.11)

A Vooy Baluilanduyes SOC anunsaiansanegluguaunisi (37) (Chen & Rincon-Mora,

2006) Imaﬁgmwuaumiﬁqéwﬁ
Voo = Ape?15°¢ + a, + azsoc — aysoc? + assoc? (3.12)
AUALTUESEWING R, WaE Voo, ROTSAINRANM ST
R, = agsoc? + a;soc + a, (3.13)

lunszuIuiaIsavial R wag C1 anilunslagldiuisigaiugnssusiuduaunis

a1eillilen15isn IneAmuareulInved R1 98581nine 0.001 Q §9 0.11 Q uag C1 o
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5591919 0.05 kF 84 9 kF leeiduvauuafiiiutfiuannnan1sanw1ved (Das & Samanta,

2022)

V(s — _KbcR1

(3.14)
I(S) R1C15+1
wazRsaAIMaatnilin1ssalaain
Pchg = itVT,t (3.15)

pA
[ a L

3.3.2 ‘Uuﬂauagwﬂwuqniiu (genetic algorithm)

'
a v % ad =

WIS siugnssulueuideiisonin GA L TUTUIBTUS sULUUNGANTINVDS

)

Qe

2

v
= 1 ¥

sysumAlunsAndendeiiviulvinisedseauasidnannisiiaugdumenisnaudeiauves

Uszrnslusdazsukasnisiimaivesdseansidlonanutamulvi lunseuiunisisuley

N159AUT2Y1N3IUA 1 (initial solutions) T 9A8YAAINBUVBIAILYTT A BINITUATLY

Y

N3EUIUNTIEY gene NegnelulaaddnviriuAneuned neluuseynssuniiaisan uaz

Wngnssuau crossover Liten1saialsznsiuaaluniynwiugeanUsrrnsTuneuninu

HANTINAUUTEYINTNLAAINATEUIUNIS mutation 31T UUTEYINTAY 2 YALLU1g

Y

N3EUIUNMTUTHIUAUMANULALLTIENTEUILAAEONIINTAAU UATAIABITINTEUIUNTT

awszrnsuialudnastuasnszuiunsasauaniile YA naUATIILRoUlY



encoding
t<—0 P(1)

Initial
solutions

start

new

1100101010
Laibindildi crossover 1011101110
1011101110 v
0011011001 1100101110
offspring
1100110001 1011101010
chromosome =\
mutation oo11o:1oo1
offspring 0011001001
N
selection

1100101110

1011101010

0011001001

a7

cd)

L Cud)

solutions candidates

fitness computation
evaluation

JUT 3.2 Hauanstudsidaiugnssy (Gen et al, 2008)

4

3.4 YAgUnIUNITNAADY

34.1 |A3DINAFOULUALADS
1A3 9aMIAABUNNTEAUUALABS Chroma $U REGENERATIVE BATTERY PACK

TESTSYSTEM sialugudl 3.3 wazdnwnznisuendauasnluguil 3.4 saludsimehiilunis

TuiinAussiulninvauaznszua Masliiilunisesa wedudgnssuiumsinsesi

NRNTIY



Channel

Charge / Discharge
Mode

Measurement

3
U

U

N
7

Voltage Range
Maximum Current
Max Power

CC mode accuracy
Current Resolution
CV mode accuracy
Voltage Resolution
CP mode accuracy
Power Resolution
V/l sampling rate ™
Voltage range
Voltage accuracy
Voltage resolution
Current range
Current accuracy
Current resolution
Power accuracy
Power resolution
Temperature range

8

10-60Vdc

12A

600W

0.1%-+0.05% F.S.
TmA

0.1%+0.05% F.S.
TmV

0.2% stg. +0.1% FS.
01w

0~60V

0.02% rdg.+0.02% F.S.
TmV

4.8AM12A

0.05% rdg+0.05% rng
TmA

0.08% rdg+0.08% rng.
0.1W

0~90C

Temperature accuracy +2°C
Temperature resolution 0.1°C

48

69212244 69212604%
4 4
2.8V-24Vdc 7.5V-60Vdc
60A 60A
1.2kwW 1.2kW
0.1% + 0.05% F.S. 0.1%+0.05% F.S.
5mA 5mA
0.1% .+ 0.05% F.S. 0.1%+0.05% F.S.
0.5mA 0.5mV
0.2% + 0.1% F.S 0.2% stg. +0.1%F.S.
02w 0.2wW

20us
0~60V 0~60V
0.1% rdg.4+0.05% F.S.  0.1% rdg.+0.05% F.S.
TmV Tmv
24A/60A 24A/60A

0.1% rdg. + 0.05% rng.
5mA

0.2% rdg. + 0.1% rng.
0.2W

0~90°C

+2°C

0.1°C

0.1% rdg. + 0.05% rng.
5mA

0.2% rdg. + 0.1% rng.
0.3W

0~90°C

+2°C

0.1°C

3.3 AULNUELAZ range YDILAIDINAADULUALADT

1Y

Y

5Uf 3.4

3.4.2 LWAALUALADS

UTAYUDNLATOINAADULUALADI

Turuideidldigaduunneiawisulosouluy Lithium Iron Phosphate

(LiFePO,, LFP) Aiflmnuquszquwiniu 15 Ah usadulwiingeanviniu 3.65 V usadulvifinsngn

2.00 V Tnefidnuaiziduguil 3.5
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U7 3.5 lwad LFP 15 Ah

3.4.3 'izUUU?im'iﬁ'ﬂmimeﬁa‘% (battery management system, BMS)
Tusu3dey BMS 8 Jiabaida $u JBD-ZP04S014 Faiduszuuuimsdanis
LualmeI dmdu LFP Aannsnldauiuuunned idesynsy 4 wad lngarunsaimun
wsaulniingean lovindu 14.4 v AnssualiiiinisaieUszauaseisaasgn 100 A uag

Anssualunsyhaunawaduiniu 150 mA laefidnwazdduzuin 3.6

JUN 3.6 WNI9ATTZUUUITMTIANITUUALADT
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3.4.4 H9995VBINISNATDURUALADS

A )

Tumsnaaeuiiteidunstiosiusunseuasamnuidomeiionafnlusening
msvadoukUAned TddedTeRnds BMS duandusuil 3.7 wevhmdhiinsaauasih
se¥tlilimmeaeuidngrasdunmeesnisiam leuinaiuinkayauresing s
dhfuedomaaeuLunned tagludnaud BMS iWugunsaitlestulunsdlinsranumsvhe

\NUTUIRANNUABANYURILUALADS

SIP2 S2P2 S3p2 S4p2

JUN 3.7 fnasmsvaaeulunines

oo ¢

3.5 %u%%ﬂqiﬂinﬁ]{]/uLlﬁﬂLL‘UGILﬂ'é]‘i‘ﬂlllﬂiaaLa‘laﬁJﬁﬂq‘WLLﬁﬂﬁhx‘l
ATedhEuetuiinsnsnTuninuunnes iwaddenanmlussiuiiuansng
FukIunszUILNTIAT RN AnssuvesmdTlninsY§932uTuda33 dynamic time
warping (DTW) IG]ﬂﬁﬁﬂﬂ’liﬁﬂﬂwﬂm%’ﬁ%ﬁﬂgﬂﬁ 3.8 Tngtunsvhausuduainssuura
asraiae uwsesliiniidn nszualnih sasluihnisende andudinsyuaunsuszanae
SOC Fudunoun e wagdseifiuarmaaluiinnsusa wSOC fina1n uddsteyalil

% ¥ :.Jl aa ¥ U
ATEUIUNITATIIUAIYUUIT DTW LaZLIINANITATIAAU
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start

Initial SOC estimate
bv ML Leaming
model

Core charging
power cstablish

FDT
by
DTW algorithm

v

Faulty

JUN 3.8 uNURIIITTIRIVLURM DI TIHwaALdoNAN TNLAN AT

3.5.1 Yu3% dynamic time warping (DTW)

Cost matrix construction ] If
. Path selection and no
Normalize by By distance matrix normalized cost
st C : - - summation cost ————— . . — Normal
1" denvative Square Euclidean construction -Path number of DTW >
calculation .
distance -summation of boundary

cost

Pchg.core (1) —=

Pehg.pack (1) —

yes
Anormaly

JUT 3.9 UHuEstuIS dynamic time warping

[
v aa ) o o = £ %

Tu35 DTW tuduisdmiunisuseiliuninuiailouresyniaya ounsuiia (time

v '
aaa

series data) lnefiludndwigg 2 yadeyaezdaalifANTIAY X=(x;, Xp,... x), NEN uay
a =] < v ] ¥
Y=(y1, ¥a, - yw), MEN lunszurunisiiansananuaiieudunisAumssezinsvedeyauy
Usgiiln (D) Aflszezneduiign (d) uwazludniuese lnsanunsaleulugvesaunisi 23
Leigiatl uagan d avddnaiiensdeyasinanianuaiouwazazia1ganieyaiaiig
wane1e lagA1ves d 811150915 mM1Le 970 cost function Mimsngausion1sldauly
Jayyiuansinaiu Tuanwideididenld Square Euclidean Distance (SED) lnediguaunises
aun13n 24 lunsyuiunisiliSen local distance Wetayagniiansanniglausgilauazen

local distance a¥19lugUves matrix Wien15#a1sam alignment path 308U path uans
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Y '
al

ANUElouTDIlaYaNNaNTNIN d Ndungaludlayausasddu Beaunsoaguiunaunis

9

auves DTW ladslugui 3.9 lnefdgudtegravesnisitseudeayauas alignment path 619

JU7 3.10 wagidunisiansanm alignment cost (C) n3oHaTINYDY d NdUAALALLIG

ASLUIUNSARFUNULEDULY

Timeseries alignment

10 0.0 1.0
1 1
&
l\.
N
=] \\\\
& \\ ) f
) i /
x 2 / /
¥
E H/ - _IJ/
gz !
2 \\ . /
N
w T ’ﬂ)
/ .
/:‘
S I R |

1] 50 100 150 200 250
Query index

JUM 3.10 uWwiaR39819 DTW Uag alignment path ¥89n151US8ULBUTBYADUNTUIAT

(Senin, 2008)



53

d:dPxXDP->R>0 (3.16)

dij =+ (x;—yj)?% i€[l: NJ; je[l: M] (3.17)
CX,Y) = Xicad (X1, 50) (3.18)
DTW(X,Y) = min {C(X,Y)} (3.19)

Ny a & o a a o [J (3 aaa 3
unilldeSutetunaun1saniuauldy lnemnuasukuurasuiiniualnesniivag
Gouanmansiullautensaislumanastunowisnlelunisnsiadu n1sly Dynamic Time
Warping (DTW) Lil 9Us#Li uAUMA 8 UYDIYAT 0N ARUNTUAIVRINGANTTUUUMADT B9
a ¢ v | <) aa aa a a [ | 1 < o a
WgduaInduisnsniiuseansamlunisduunanuunneieseninauinuunn eI Una

waslinfilwadidonanin



unil 4

NaN15gkazaNUsIeNa

unildiauetaraiUsienan1s3ve9 Lea1nn15AN¥INgANITUNITAOUAUDIVOI

wusmesaeunaawe (LFP) Tusesninnssuiun1sensa Nan1snaaaun1ssnsalunmaIwin

'
=

WU 452P 71aluguluunTsuansi-useauasn (CC-CV) uazuuuiad (Pulse) LiteliAs1ey
Y LY s | N & o a [ d' g

APUFUNUS TENTNTHE DUANINVBUTAR TUNYANTIUVDMTIAULNHATY (V) Uag
maslwilunisisa msiddeyailaunldlumsimuiuaznegeuiuuinaein1siseuives
LATBILUY XGBOOST iaUseiiiuaraniugUssisuau (SOCI) vesuumnasuiin saudens
UsegnAldseiieuds DTW (Dynamic Time Warping) Tunsnsiaduanuiaunfivasiunnes
o ¢ = a = a a o °

nilwadideuanin lngagiinseausesszdniamuazanuududrvesiuuinasuay

s 08UIULALD

4
4.1 NaNIINAFDIUNITVIIR
TunuITeiinnsMAgeUNISYISVRIMANLUAKN BT NHFULUUNISIT B gad LU 4
aunsy 2 auu (452P) aglunisveaeuimualidigad lungu A Jeduinduwadid

saa d

wgAnssun1svhuund nqu B laglusddeiiluwadifinnsidesvunisiauaineed
nau A luseAuaAuguULsIININgas C wasnau C M duwaad dingAnssun1svieud
a o Al & fal a A a |
Jeauuesnanmisieadngu A asan lag B uag C uwadiiianisidesann lagi 3 nau
& o | ] a Al | v o = ] a
AR N NITIANAUS U LA NBUALA DS A WANAIAUIIUIU 6 LINN ASLARILUANTIN 3.1
dmiunsveaeuiilingussasdiioUssiliungAnssunisneuauasvestssdulnings (vy)
way Al Nlglun1531359 vaufinuumtnas AUSENaUMIUARNLaNINAITVNUUNG
wazldauan myinuIuAuneluwin
4.1.1 N1SNAFUNISVISALUY CC-CV

ANSNAFDUNITVITALUUNTE AR WIIAUAIN LN DNITNAZDUNINANIT
AOUAUDIVDY VT VOILNNLUMLMDT NRMDUAUDINDNITUNSAUSNYUEARAI8ARIAUNITITIY
Unflusasus i wazUssiliumaianugussguaauniinuunaesna 6 susuusin sauluie

Wardun1susziiumeaianlunissnsalas SOC
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Y

JUT 4.1 dhiguenssuliig 47 vasuiinuusaesnia 6 witn azuiuldan e
LUALWBSISUYNEAUTTY Vr A8iimsiAsunlamiuiia1vedn1svni lneae daniugeuly
anwazradlndlullzan1uIa1reInIsASIMWNTY LazuanantillaiansaSeuisu

)=

FENIANTULAT conf.l 9zl Vr einda o 19a1n158ATLAAY AN conf.3 conf.2
conf.4 conf.5 Wag conf.6 UAIFUUANNEINY FINgANTIUAINEIUTINGNIbUTIIN1597153
WUU CC AIUAIANTUNITYITD 583115132 (1,500 s 9 2,000 s) aawandluguin 4.2 uag
4.3 andayanina 1iliiuinfiowinuunmeiiiwadngy A waz B uiusy asvinli vy 4
| Al oA ) < a1 st W ' = aa &

Agendullefiguiuwinilidiwadlunguasnand wagmnuiinuuamesiiiwadngd A B wag
C 50 Il B C @iaﬁuiuummgmw%LLu'rummsLﬁuléﬁw Vy azdlAngafiagaiewigy
Y & av 1 & 1w \ Y 1Y) a PV o & | a
Auwinflifiiwadngudanany uwasdsdaaly Vi TAndidussiugegnuesnisensalugiaiaii
5 1 z-i" £y d' 1 Y a S d' L3 d' 1 d'
dunii Fedadendamaliinnisneuaueifon1sdonan nveeaduunnaIngy B uay C 1
anunsadninusggliilaandnndeudulidrmnusununigluainit ndeufuganalinig
vl luenssuanvinfuuinilaidwadngu B waz C &I Vr sindnaafina1alidnedu e
fansaundoyaluguil 4.4 asiiiudn conf.l aglingAnssunisysafidngdasnsdanuy v Al

'3 '

LaIUNIANAY Fiiuluinuunnesiiiiadngy B waz C azan1sadun1swisauuy

v =

CC lauuniuazsun1ssakuy CV ndundi asteyanusnglumisie 4.1 Ausilaeeng
) | < aala & = fal A P o
FaLauIuinLuaneINdgaangy B uaz C vislgadilideuaninaziininuaiunsalunisin
AuUszyfinnIninaInnsdenievasda lnil1vesunne3uwuu loss of active material
(LAM) W@z Loss of lithium inventory (LLI) (Birkl et al.,, 2017; Edge et al., 2021) sauluda
& 1 ° P < aa fal A a é’ 1
SLELIAINITINSUTE CC AzanmIadilokinwusnaslwaand@auaninnindunieluwas s
LATtUNSVITANUY OV TusreslIaNgev unIuAINTULIIvDINITIHONANIW (Edge et al,,

2021)
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14.25
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JUN 4.5 Maalninisesa

M13199 4.1 Usunassgliiuaziailuniswsakuu CC-CV

c charge quantity (Ah) charging time (s)
2 initial
e ol il 5 |8 5 5

No. 3, terminal = = - = = =
b= g i ks g g 9]
5 voltage (V) O > s v > s
V] O O O @]

1 conf. 1 12.422 2191 6.23 28.14 2,634.40 1,242.40 3,876.80

2 | conf. 2 12.389 19.13 7.42 26.54 2,299.90 1,284.50 3,584.40
3 | conf.3 12.445 19.41 7.08 26.50 2,334.30 1,239.10 3,573.40
4 | conf. 4 12.332 16.42 10.10 26.52 1,970.50 1,579.10 3,549.60
5 | conf. 5 12.464 5.19 21.33 26.52 619.10 3,678.30 4,297.40
6 | conf. 6 12.515 3.64 17.00 20.64 435.00 2,720.10 3,155.10

JUT 4.5 dnauemasbifindmsunisyselai Weiansan a nanfeduazimula
Pamdlnindsnaives conf.l agdadiannasniiwiain1svsakuy CC Welandng
2,634.40 s conf.1 azdngnisysauuy CV fimddlwihianasuasiinsidsundasilady
a v = a [ ' (=] 2 aa 3 U
Wadu Jangfnssudainaiusinglunnuiinvesnisnageulaguiiniiligadngy B uag C

[ 1

1 = v A & J v v d' c{'
i’JlI@Equ\]%llL’JaWIUﬂ’liLﬁﬂﬂﬁ%’Nﬂ’]i”ﬂ’]i%LL‘U‘U CV 753731 conf.1 @QSUEJ?,;I@‘I/ILLGGNIUG]’]T]\WI 4.1
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flifiwadidonaniwsimegnelu wagnanlunisvisanuy CC agdnaniidnituaznissn
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M59159UUU pulse fagUszasdiile Usziiunisnouausdwes Vr uaz
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Anseliiedesiuldlie Vi aafuussiuinasanfiuiasigadausndauseqla (Brenna
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AN5197 4.2 wsaaulWANY7 conf.1

Conf.1 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

s | §|E e | 2|8 |C|e S |§|CE e 8 |§ E|e|l8 |§|E|a|Ss

0 £ £ © © £ = © o £ = © o £ = © o £ = o ©

x| | ¢ | E|lx | |¢|E |x||/¢|E |x|c|¢|E |%||¢|E

£ £ © 3 £ S © 3 £ S © 3 £ S © 3 £ S © 3
0.0-0.1 13.496 12.599 13.436 550.89 13.624 12.599 13.534 2,043.59 13.717 12.599 13.605 4,095.17 13.772 12.599 13.652 6,157.05 13.8201 12.599 13.686 8,225.34
0.1-0.2 13.751 12.891 13.689 561.27 13.842 12.891 13.774 2,079.94 13.903 12.891 13.825 4,161.29 13.943 12.891 13.858 6,249.83 139712 12.891 13.883 8,343.45
0.2-03 14.013 13.177 13.952 572.03 14.095 13.177 14.031 2,118.61 14.148 13.177 14.077 4,237.23 14.173 13.177 14.105 6,361.42 14.1856 13.177 14.124 8,488.30
03-04 14.026 13.182 13.957 572.24 14.122 13.182 14.047 2,121.11 14.179 13.182 14.101 4,244.41 14.200 13.182 14.131 6,373.29 14.200 13.182 14.149 8,503.29
04-05 14.096 13.236 14.029 575.19 14.200 13.236 14.123 2,132.62 14.200 13.236 14.162 4,262.62 14.200 13.236 14.174 6,392.62 14.200 13.236 14.181 8,522.62
05-0.6 14.094 13.245 14.015 574.61 14.200 13.245 14.125 2,132.85 14.200 13.245 14.162 4,262.85 14.200 13.245 14.175 6,392.85 14.200 13.245 14.181 8,522.85
0.6-0.7 14.164 13.323 14.085 577.48 14.200 13.323 14.167 2,139.15 14.200 13.323 14.183 4,269.15 14.200 13.323 14.189 6,399.15 14.200 13.323 14.192 8,529.15
0.7-0.8 14.197 13.366 14.117 578.81 14.200 13.366 14.178 2,140.80 14.200 13.366 14.189 4,270.80 14.200 13.366 14.192 6,400.80 14.200 13.366 14.194 8,530.80
0.8-0.9 14.199 13.364 14.115 578.70 14.200 13.364 14.177 2,140.70 14.200 13.364 14.188 4,270.70 14.200 13.364 14.192 6,400.70 14.200 13.364 14.194 8,530.70
09-1.0 14.198 13.357 14.105 578.32 14.200 13.357 14.174 2,140.32 14.200 115, 55T 14.187 4,270.32 14.200 13.357 14.191 6,400.32 14.200 13.357 14.194 8,530.32

99



AN5199 4.3 wsIRUlNANNY7 conf.2

Conf.2 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

S | €€ e |8 |E|E|g| S8 |E E s S |E 5| e| S| E|E]|g| ¢

A |E|E|& |8 E|E|¢§| & |E|E|E& B |E|E|E| B |E|E|T &

= | £ 2| E| B | €| 2 £ x| £ % £ | £ | % £ | €| 3 £

S S 3 £ S 3 £ € 3 £ S 3 £ £ >
0.0-0.1 13.139 12.319 13.070 535.86 13.286 12.319 13.177 1,989.79 13.417 12.319 13.266 3,993.16 13.511 12.319 13.333 6,013.18 13.5835 12.319 13.387 8,045.64
0.1-0.2 13.647 12915 13.590 557.18 13.743 12915 13.672 2,064.50 13.804 12915 13.724 4,130.98 13.839 12.915 13.757 6,204.46 13.8626 12915 13.781 8,282.09
02-03 13.847 13.122 13.791 565.41 13.939 13.122 13.870 2,094.42 13.998 13.122 13.921 4,190.15 14.031 13.122 13.953 6,292.66 14.0507 13.122 13.975 8,398.78
03-04 13.989 13.212 13.930 571.13 14.080 13.212 14.012 2,115.86 14.135 13.212 14.061 4,232.49 14.163 13.212 14.091 6,355.08 14.200 13.212 14111 8,480.67
0.4-0.5 13.993 13.223 13.926 570.96 14.102 13.223 14.022 2,117.27 14.163 13.223 14.079 4.237.67 14.191 13.223 14.112 6,364.37 14.200 13.223 14.133 8,494.04
05-06 14.005 13.229 13.931 571.18 14.130 13.229 14.039 2,119.87 14.195 13.229 14.103 4,244.94 14.200 13.229 14.135 6,374.89 14.200 13.229 14.151 8,504.89
0.6 -0.7 14.039 13.261 13.959 572.33 14.177 13.261 14.078 2,125.82 14.200 13.261 14.137 4,255.37 14.200 13.261 14.158 6,385.37 14.200 13.261 14.169 8,515.37
0.7-0.38 14.154 13.356 14.075 | 577.09 14.200 13.356 14.163 2,138.58 14.200 13.356 14.181 4,268.58 14.200 13.356 14.188 6,398.58 14.200 13.356 14.191 8,528.58
0.8-0.9 14.155 13.365 14.070 576.88 14.200 13.365 14.162 2,138.48 14.200 13.365 14.181 4,268.48 14.200 13.365 14.187 6,398.48 14.200 13.365 14.190 8,528.48
09-1.0 14.151 13.363 14.059 | 576.44 14.200 13.363 14.160 2,138.09 14.200 13.363 14.180 4,268.09 14.200 13.363 14.186 6,398.09 14.200 13.363 14.190 | 8,528.09

L9



A5 197 4.4 wsIuUlNANNT7 conf.3

Conf.3 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s,

observing time 60 s.

s | §|E|e|2|8|C e 8 |§/E e 8 |§ E|els |§|E|s|Ss

) S £ © © S £ © py € £ © © S £ o © S £ © o

x| | ¢ | Elx||¢|E |x|z|¢ E |x||¢|E |x |2|¢]|E

£ S © 3 £ S © 3 £ € © > £ € © > £ S © 3
0.0-0.1 13.470 12.597 13.395 549.20 13.595 12.597 13.501 2,038.64 13.694 12.597 13.575 4,085.99 13.752 12.597 13.625 6,144.89 13.7855 12.597 13.661 8,210.40
0.1-0.2 | 13.729 12947 | 13.668 | 560.39 | 13.825 12947 | 13.753 | 2,076.66 13.887 12947 | 13.805 | 4,155.30 13.925 | 12.947 13.839 | 6,241.29 13.9525 | 12.947 13.864 | 8,332.13
02-03 13.921 13.148 13.860 568.26 14.017 13.148 13.945 2,105.69 14.073 13.148 13.996 4,212.69 14.103 13.148 14.027 6,326.04 14.1215 13.148 14.048 8,442.93
03-0.4 13.994 13.215 13.930 571.12 14.095 13.215 14.021 2,117.15 14.151 13.215 14.073 4,236.06 14.179 13.215 14.104 6,361.01 14.200 13.215 14.124 8,488.70
0.4-05 14.012 13.223 13.941 571.60 14.123 13.223 14.041 2,120.19 14.186 13.223 14.100 4,244.14 14.200 13.223 14.132 6,373.73 14.200 13.223 14.149 8,503.73
05-0.6 14.028 13.232 13.951 571.99 14.157 13.232 14.063 2,123.46 14.200 13.232 14.126 4,251.87 14.200 13.232 14.150 6,381.87 14.200 13.232 14.163 8,511.87
0.6 -0.7 14.085 13.290 14.005 574.19 14.200 13.290 14.121 2,132.28 14.200 13.290 14.160 4,262.28 14.200 13.290 14.174 6,392.28 14.200 13.290 14.180 8,522.28
0.7-0.8 14.143 13.355 14.061 576.51 14.200 13.355 14.157 2,137.76 14.200 13.355 14.179 4,267.76 14.200 13.355 14.186 6,397.76 14.200 13.355 14.189 8,527.76
0.8-0.9 14.164 13.364 14.076 577.11 14.200 13.364 14.165 2,138.87 14.200 13.364 14.182 4,268.87 14.200 13.364 14.188 6,398.87 14.200 13.364 14.191 8,528.87
0.9-1.0 | 14.167 13.361 14.072 | 576.96 | 14.200 13.361 14.164 | 2,138.81 14.200 13.361 14.182 | 4,268.81 14.200 | 13.361 14.188 | 6,398.81 14.200 13.361 14.191 | 8,528.81
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AN5197 4.5 wSIAUlNANAT7 conf.a

Conf.4 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s,

observing time 60 s.

C C C C C

s | 5|5 || 2| §5|§|e| S |8 |58 |e| S 8 5|2 |5 |5|a| s

A |E|E|S|E|E|E|E| 8 |E|E|E& | |E|E|E|E|E|E|TE|E

5 £ > = 5 £ > £ 5 £ > £ P £ > £ 5 £ > £

£ | € 5 | E | E 2 | E|E 2 | E|E 2 | E|E 2
0.0-0.1 13.440 12.597 13.369 | 548.12 13.564 12.597 13.472 | 2,034.35 13.659 12.597 13.544 | 4,076.74 13.738 12.597 13593 | 6,130.59 13.7524 12.597 13.629 8,190.93
0.1-0.2 13.718 12.942 13.660 | 560.05 13.811 12,942 13.741 2,074.89 13.872 12.942 13.792 | 4,151.39 13.909 12.942 13.825 6,235.08 13.9366 12,942 13.849 8,323.52
02-03 13.918 13.146 13.858 | 568.19 14.010 13.146 13940 | 2,104.97 14.066 13.146 13.990 4,211.03 14.099 13.146 14.021 6,323.53 14.1169 13.146 14.043 | 8,439.74
03-04 13.990 13.215 13.926 | 570.98 14.086 13.215 14.014 | 2,116.09 14.144 13.215 14.066 4,233.77 14.172 13.215 14.097 6,357.55 14.200 13.215 14.117 | 8,484.33
0.4-05 14.011 13.222 13942 | 571.62 14.122 13.222 14.040 | 2,120.01 14.184 13.222 14.098 4,243.64 14.200 13.222 14.131 6,373.12 14.200 13.222 14.148 | 8,503.12
05-0.6 14.029 13.230 13953 | 572.07 14.159 13.230 14.063 | 2,123.56 14.200 13.230 14.126 4,251.98 14.200 13.230 14.151 6,381.98 14.200 13.230 14.163 | 8,511.98
0.6 -0.7 14.078 13.275 13998 | 573.93 14.200 13.275 14.117 | 2,131.64 14.200 13.275 14.158 4,261.64 14.200 13.275 14172 | 6,391.64 14.200 13.275 14.179 8,521.64
0.7-0.8 14.148 13.362 14.070 | 576.86 14.200 13.362 14.160 | 2,138.21 14.200 13.362 14.180 | 4,268.21 14.200 13.362 14.187 | 6,398.21 14.200 13.362 14.190 | 8,528.21
0.8-0.9 | 14.155 13364 | 14.072 | 576.94 | 14.200 13364 | 14.162 | 2,138.54 | 14.200 13364 | 14.181 | 4,268.54 | 14.200 | 13.364 | 14.187 | 6,398.54 14.200 13.364 | 14.191 | 8,528.54
09-1.0 14.156 13.360 14.067 | 576.75 14.200 13.360 14.162 2,138.43 14.200 13.360 14.181 4,268.43 14.200 13.360 14.187 6,398.43 14.200 13.360 14.190 | 8,528.43
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AN5199 4.6 LSIAUINANAT conf.5

Conf.5 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s,

observing time 60 s.

c c c c c
v S £ 9] RS S £ o} RS S £ [} RS £ £ o} RS S S 9] Rl
@) =) > on = 3 > on s 3 > on s =} =} on s 3 > on =
n £ £ o £ £ £ o < £ € e < E € o < E £ o £
X ‘c °>J X 'c 0>J X ‘'c 0>J X 'c g X ‘c 0>J
© £ ® S © £ P S © £ P S © £ P S © £ ® S
£ 2 £ 2 S 2 £ 2 £ 2
00-0.1 | 13.784 | 12744 | 13.721 | 56258 | 13.870 | 12.744 | 13.798 | 2,083.56 | 13.933 | 12.744 | 13852 | 4,169.36 | 13.966 | 12.744 | 13.884 | 6,261.87 | 1398 | 12744 | 13.907 | 8,357.81
0.1-02 | 13.907 | 12965 | 13846 | 567.70 | 14.007 | 12.965 | 13.933 | 2,103.89 | 14.078 | 12.965 | 13.989 | 421064 | 14.124 | 12.965 | 14.027 | 6,325.99 | 14.1702 | 12.965 | 14.056 | 8447.67
0.2-03 | 14.101 | 13.160 | 14.038 | 57555 | 14.191 | 13.160 | 14.123 | 2,132.65 | 14.200 | 13.160 | 14.161 | 4,262.58 | 14200 | 13.160 | 14.174 | 6,392.58 | 14.2002 | 13.160 | 14.181 | 8522.58
03-04 | 14.200 | 13218 | 14.156 | 580.39 | 14.200 | 13.218 | 14.188 | 2,142.39 | 14.200 | 13.218 | 14.194 | 4,272.39 | 14.200 | 13.218 | 14.196 | 6,402.39 14.2 13218 | 14.197 | 8532.39
04-05 | 14.200 | 13223 | 14.153 | 58027 | 14.200 | 13.223 | 14.187 | 2,142.27 | 14.200 | 13.223 | 14.194 | 427227 | 14200 | 13.223 | 14.196 | 6,402.27 142 13223 | 14.197 | 8532.27
05-0.6 | 14.200 | 13232 | 14.165 | 580.76 | 14.200 | 13.232 | 14.190 | 2,142.76 | 14.200 | 13.232 | 14.195 | 4,272.76 | 14.200 | 13.232 | 14.197 | 6,402.76 14.2 13232 | 14.198 | 8532.76
0.6-07 | 14.200 | 13283 | 14.176 | 581.20 | 14.200 | 13.283 | 14.193 | 2,143.20 | 14.200 | 13.283 | 14.197 | 4,273.20 | 14200 | 13.283 | 14.198 | 6,403.20 142 13283 | 14.198 | 8533.20
0.7-08 | 14.200 | 13361 | 14.180 | 581.36 | 14.200 | 13361 | 14.194 | 2,143.36 | 14.200 | 13.361 | 14.197 | 4,273.36 | 14.200 | 13.361 | 14.198 | 6,403.36 14.2 13361 | 14.199 | 8533.36
08-09 | 14.201 | 13364 | 14.180 | 58137 | 14.201 | 13364 | 14.194 | 2,143.37 | 14.201 | 13.364 | 14.197 | 4,273.37 | 14.201 | 13.364 | 14.198 | 6,403.37 14.2 13364 | 14.199 | 8533.37
09-1.0 | 14.200 | 13361 | 14.180 | 581.36 | 14.200 | 13361 | 14.194 | 2,143.36 | 14.200 | 13.361 | 14.197 | 427336 | 14200 | 13.361 | 14.198 | 6,403.36 142 13361 | 14.199 | 8533.36
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AN5199 4.7 wSIAUlWANAT conf.6

Conf.6 terminal voltage

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

c cC C c [«

) € £ o ke € £ v ke € £ v e € 1S v e € S v kel

@) 3 3 on b=} 3 3 on b=} 3 3 on b=} 3 > on b= 3 3 on b=}

n S S © Py £ £ o Py £ £ © e S £ o e £ £ © g

< £ g £ S - q £ = £ q £ < = q £ < z g £

© é ‘% £ © é % £ © é % £ © é % £ © é % €

S 2 S 2 S 2 S 2 1S 2
0.0-0.1 | 13823 | 12716 | 13.749 | 563.72 | 13912 | 12.716 | 13.836 | 2,089.27 | 13982 | 12.716 | 13.893 | 4,181.84 | 14.017 | 12.716 | 13.929 | 6,281.82 14.031 12.716 | 13.953 | 8,385.55
0.1-02 | 13976 | 12921 | 13.909 | 570.28 | 14.065 | 12.921 | 13995 | 2,113.24 | 14.124 | 12921 | 14.045 | 4,227.68 | 14.166 | 12.921 | 14.078 | 6,349.37 | 14.1893 | 12921 | 14.103 | 8,475.90
0.2-0.3 | 14.116 | 13.089 | 14.048 | 57595 | 14.200 | 13.089 | 14.138 | 2,134.81 14.200 | 13.089 | 14.169 | 4,264.81 14.200 | 13.089 | 14.179 | 6,394.81 14.2004 | 13.089 | 14.184 | 8,524.81
03-04 | 14200 | 13.194 | 14.146 | 579.98 | 14.200 | 13.194 | 14.185 | 2,141.98 | 14.200 | 13.194 | 14.193 | 4,271.98 | 14.200 | 13.194 | 14.195 | 6,401.98 14.2 13.194 | 14.196 | 8,531.98
0.4-05 | 14202 | 13219 | 14.161 | 580.61 | 14.202 | 13.219 | 14.189 | 2,142.61 14.202 | 13.219 | 14.195 | 4,272.61 14.202 | 13.219 | 14.196 | 6,402.61 14.2 13.219 | 14.197 | 8,5632.61
05-0.6 | 14200 | 13.224 | 14.171 | 581.02 | 14.200 | 13.224 | 14.192 | 2,143.02 | 14.200 | 13.224 | 14.196 | 4,273.02 | 14.200 | 13.224 | 14.197 | 6,403.02 14.2 13.224 | 14.198 | 8,533.02
0.6-0.7 | 14200 | 13.233 | 14.173 | 581.09 | 14.200 | 13.233 | 14.193 | 2,143.09 | 14.200 | 13.233 | 14.196 | 4,273.09 | 14.200 | 13.233 | 14.198 | 6,403.09 14.2 13.233 | 14.198 | 8,533.09
0.7-0.8 | 14200 | 13.270 | 14.177 | 581.27 | 14.200 | 13.270 | 14.194 | 2,143.27 | 14.200 | 13.270 | 14.197 | 4,273.27 | 14.200 | 13.270 | 14.198 | 6,403.27 14.2 13.270 | 14.198 | 8,533.27
0.8-0.9 | 14.200 | 13.320 | 14.179 | 581.32 | 14.200 | 13.320 | 14.194 | 2,143.32 | 14.200 | 13.320 | 14.197 | 4,27332 | 14.200 | 13.320 | 14.198 | 6,403.32 14.2 13.320 | 14.199 | 8,533.32
09-1.0 | 14200 | 13353 | 14.179 | 581.35 | 14.200 | 13.353 | 14.194 | 2,143.35 | 14.200 | 13.353 | 14.197 | 4,273.35 | 14.200 | 13.353 | 14.198 | 6,403.35 14.2 13.353 | 14.199 | 8,533.35
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AN5197 4.8 AaslWHn1su1$a conf.1

conf.1 charging power

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

c c c c c

s | 5§ |e| & |58 |¢| € 5 |E8]¢| ¢ |5 /58|e| £ |§5|8|s]| ¢

S |E|E| | & |E|E| €| & |E|E| €| &8 |E|E| | &8 |E|E| | B

< c [J] E 4 c [] E X 'c () E X 'c [J] E X 'c [J] E

e e~ | § |&|€e|=~| 5 |E&|e|=| § |E ||| § |E€|E]|=~]| §

] ] w w w
0.0-0.1 404.90 400.90 393.83 16,147.20 407.96 400.90 403.00 60,853.59 411.54 | 400.90 406.59 122,384.26 413.19 400.90 408.52 184,242.70 414.62 400.90 409.70 246,230.67
0.1-0.2 412.53 409.13 401.28 16,452.28 415.29 409.13 410.69 62,014.13 417.11 409.13 413.48 124,457.02 418.33 409.13 414.89 187,115.91 419.16 409.13 415.85 249,925.79
0.2-03 420.41 417.13 408.93 16,766.32 422.88 417.13 418.32 63,165.71 424.46 417.13 421.02 126,727.73 425.18 417.13 422.29 190,454.74 425.60 417.13 423.07 254,263.89
03-04 420.77 417.04 409.08 16,772.47 423.68 417.04 418.81 63,239.79 425.38 417.04 421.73 126,941.82 426.01 417.04 422.99 190,768.34 426.01 415.58 422.03 253,637.81
0.5 42290 | 419.29 | 411.23 16,860.23 | 426.02 | 419.29 | 421.10 | 63,585.69 | 426.02 | 396.33 | 41536 125,024.04 | 426.02 | 38241 406.52 183,338.88 | 426.02 | 37491 399.55 | 240,129.48
05-0.6 | 422381 418.33 | 410.78 16,841.80 | 426.00 | 417.07 | 420.39 | 63,478.25 | 426.00 | 38290 | 408.90 123,077.69 | 426.00 | 367.46 | 397.41 179,232.09 | 426.00 | 360.00 | 38897 | 233,772.17
0.6-0.7 424.92 420.59 412.81 16,925.16 425.97 379.40 405.74 61,266.04 42597 351.43 384.51 115,738.04 425.97 339.19 371.36 167,483.37 425.97 333.25 362.60 217,920.57
0.7-0.8 | 42592 | 42150 | 41376 16,964.24 | 426.03 356.52 | 391.67 | 59,142.70 | 426.03 | 327.88 | 366.03 110,174.50 | 426.03 | 315.13 | 351.09 158,342.56 | 426.03 | 307.43 | 341.15 | 205,032.43
0.8-0.9 425.94 421.38 413.67 16,960.53 425.97 340.17 383.76 57,947.89 425.97 307.15 352.55 106,118.44 425.97 292.43 334.87 151,025.78 42597 283.59 323.17 194,223.94
09-1.0 425.96 421.01 413.41 16,949.87 425.97 307.11 371.06 56,029.93 425.97 251.73 323.02 97,228.11 425.97 227.13 294.88 132,991.96 42597 213.26 276.20 165,995.79

[



A1519% 4.9 AaslnwAnn1su$a conf.2

Conf.2 charging power
observing time 4 s. observing time 15 s. observing time 30 s. observing time 45 s. observing time 60 s.
S | §|E w| & |5 8| g & |55 g & 5 E|g| & |E|E|e ¢
» |E|E| S| & |E|E|S| &8 |E|E|S| & E|E|S| & |E|E|S)| &
X c X c X c X c X [«

el e || § (&g || §5 |||~ § ||| § |E&|e|"| 5§

(%] wv w w wv
0.0-0.1 394.18 390.02 383.09 15,706.81 398.61 390.02 392.89 59,325.95 402.52 390.02 396.78 119,429.48 405.34 390.02 399.18 180,031.71 407.53 390.02 401.01 241,008.98
0.1-0.2 409.40 406.25 398.26 16,328.67 412.29 406.25 407.61 61,549.11 414.14 406.25 410.45 123,545.93 415.19 406.25 411.87 185,753.08 415.89 406.25 412.78 248,083.42
0.2-0.3 415.41 412.17 404.13 16,569.52 418.16 412.17 41352 62,441.19 419.92 412.17 416.32 125,313.82 420.93 412.17 417.72 188,391.91 421.56 412.17 418.60 251,577.15
03-0.4 419.68 416.63 408.24 16,737.65 422.45 416.63 417.76 63,081.24 424.08 416.63 420.54 126,582.63 424.92 416.63 421.87 190,264.14 425.33 416.63 422.69 254,034.85
0.4-0.5 419.81 415.98 408.11 16,732.34 423.06 415.98 418.03 63,122.07 424.89 415.98 421.04 126,734.52 42572 415.98 422.48 190,537.01 426.05 415.98 423.15 254,315.48
0.5-0.6 420.15 415.90 408.26 16,738.83 423.93 415.90 418.55 63,201.11 425.86 415.90 421.78 126,955.72 426.04 410.05 420.72 189,743.26 426.04 400.27 416.78 250,484.49
0.6 -0.7 421.21 416.55 409.09 16,772.53 425.33 416.55 419.73 63,379.47 426.02 401.37 417.80 125,758.90 426.02 384.87 409.32 184,602.41 426.02 376.80 402.20 241,723.66
0.7-0.8 424.63 420.67 412.49 16,912.18 426.03 378.98 406.51 61,382.62 426.03 348.46 384.15 115,630.26 426.03 335.13 370.01 166,876.76 426.03 327.85 360.41 216,603.68
0.8-0.9 424.66 420.12 412.35 16,906.27 426.03 363.37 399.38 60,305.94 426.03 329.41 371.59 111,848.51 426.03 313.42 354.65 159,948.73 426.03 303.78 343.05 206,175.77
09-10 | 42456 | 419.70 | 41203 | 1689320 | 426.02 | 32455 | 384.26 | 5802322 | 42602 | 26826 | 337.96 | 10172684 | 42602 | 24462 | 31052 | 14004630 | 42602 | 23222 | 292.55 | 175819.81
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A15199 4.10 Aaskninn1sv1$a conf.3

Conf.3 charging power

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

(= c c c [«

9] £ £ v S € £ v ke € £ v ke € £ v 9 € £ v 9

(@) =) > on s =) > on £ 3 > on £ 3 > on = 3 > on =

R |E|E| ¢8| & |E|E|&| & |E|E|&| & E|E|E| & |E|E|®| &

X c g X c Y X c o X c v X c v

s | £ | 2 £ s | £ | 2 £ s | £ | 3 £ s | £ | 2 £ s | £ | 2 £

€ a € a S a S a € a
0.0-0.1 404.11 399.58 392.66 16,098.91 407.88 399.58 402.53 60,782.23 410.85 399.58 406.00 122,205.75 41257 399.58 407.93 183,974.67 413.59 399.58 409.22 245,941.80
0.1-0.2 411.88 408.38 400.59 16,424.19 414.77 408.38 410.03 61,914.32 416.59 408.38 412.87 124,275.23 417.80 408.38 414.32 186,856.53 418.58 408.38 415.28 249,584.10
0.2-03 417.66 414.20 406.20 16,654.26 420.51 414.20 415.75 62,778.65 422.16 414.20 418.57 125,990.97 42311 414.20 419.94 189,393.46 423.69 414.20 420.80 252,901.79
03-0.4 419.83 416.16 408.24 16,737.69 422.84 416.16 418.01 63,119.18 424.51 416.16 420.89 126,689.23 425.39 416.16 422.26 190,439.27 425.82 416.16 423.08 254,273.00
0.4-0.5 420.36 416.35 408.57 16,751.34 42371 416.35 418.61 63,209.88 42558 416.35 421.70 126,930.66 426.03 416.35 422.16 190,394.71 426.03 407.53 419.63 252,195.53
0.5-0.6 420.85 416.45 408.86 16,763.36 424.70 416.45 419.26 63,308.23 426.02 411.81 420.84 126,673.47 426.02 393.98 414.61 186,989.75 426.02 385.20 408.29 245,380.99
0.6 -0.7 422.54 418.03 410.43 16,827.70 426.02 415.20 420.08 63,431.76 426.02 381.22 407.83 122,758.01 426.02 367.00 396.47 178,808.63 426.02 360.20 388.28 233,354.71
0.7-0.8 424.33 419.70 412.08 16,895.38 426.01 380.10 407.70 61,563.34 426.01 348.58 384.96 115,871.55 426.01 334.70 370.41 167,054.98 426.01 326.76 360.49 216,656.05
0.8-0.9 424.94 420.06 412.50 16,912.59 426.02 355.10 394.59 59,583.31 426.02 320.11 364.72 109,779.23 426.02 304.19 347.00 156,498.25 426.02 294.42 335.03 201,355.83
09-1.0 425.01 419.90 412.39 16,908.13 426.01 310.66 376.65 56,873.97 426.01 253.76 327.09 98,455.26 426.01 230.19 298.28 134,524.86 426.01 217.60 279.59 168,033.68

17



AN5199% 4.11 Aaalninn1sv1sa conf.d

Conf.4 charging power

observing time 4 s. observing time 15 s. observing time 30 s. observing time 45 s. observing time 60 s.

s | §| & || & |§|6|e| & §|E5|a| & |§|/5|a| 2 |58 2

N S £ o ! £ 1S o e S 1S o e £ € o e £ S o 2

% | €| © £ % | €| © £ < | €| © £ % | €| © £ % | €| © £

el || §5 &g |e|=| 5 g|g|~| 5 |E|e|®| 5§ | & |e]|=]| 5§

(%] (%] w w (%]
0.0-0.1 403.24 399.13 391.87 16,066.51 406.92 399.13 401.69 60,655.73 409.80 399.13 405.08 121,929.42 412.12 399.13 406.98 183,546.58 412.57 399.13 408.25 245,359.63
0.1-0.2 411.55 408.23 400.33 16,413.49 414.34 408.23 409.67 61,860.90 416.18 408.23 412.48 124,157.48 417.27 408.23 413.91 186,671.82 418.11 408.23 414.85 249,327.54
0.2-03 417.55 414.23 406.14 16,651.69 420.30 414.23 415.61 62,757.62 422.00 414.23 418.41 125,940.89 42297 414.23 419.78 189,319.37 423.53 414.23 420.65 252,809.76
03-0.4 419.71 416.09 408.14 16,733.84 422.59 416.09 417.80 63,088.19 424.34 416.09 420.67 126,620.84 425.18 416.09 422.04 190,338.29 425.59 416.09 422.87 254,145.05
0.4-0.5 420.32 416.43 408.59 16,752.02 423.67 416.43 418.59 63,206.70 425.50 416.43 421.65 126,915.98 426.04 416.43 422.28 190,448.81 426.04 408.63 419.92 252,374.04
05-0.6 420.88 416.54 408.93 16,765.96 4a24.77 416.54 419.29 63,312.51 426.03 411.89 420.86 126,679.82 426.03 394.11 414.68 187,021.95 426.03 385.41 408.42 245,460.03
0.6-0.7 422.36 417.71 410.24 16,819.97 426.01 416.65 420.16 63,443.62 426.01 381.30 408.10 122,837.05 426.01 366.82 396.56 178,849.96 426.01 359.15 388.23 233,324.92
0.7-0.8 424.47 420.04 412.33 16,905.37 425.97 380.23 407.59 61,546.18 425.97 349.55 385.25 115,960.52 425.97 336.09 371.03 167,335.22 425.97 328.65 361.38 217,191.24
0.8-0.9 424.70 420.11 412.39 16,908.00 426.02 363.86 399.74 60,361.49 426.02 329.42 371.87 111,931.50 426.02 313.56 354.96 160,086.31 426.02 304.40 343.52 206,455.94
09-10 | 42469 | 41992 | 41226 | 1690249 | 42600 | 337.53 | 38865 | 5868635 | 426.00 | 294.85 | 35072 | 10556580 | 42600 | 275.44 | 32862 | 14820844 | 42600 | 263.74 | 31384 | 188,615.12

G/



AN51997 4.12 Aaskninn1susa conf.5

Conf.6 charging power

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

C [ C C C

o EL1E | g |8 EI1E | g | S EIlE | g | S EIlE | g | S ElE | g | S

2 E|E | g |8 E|E | g |¢ E|E | g |¢ E|E | g |¢ E|E | g |¢

S e s |5 |E|E| |5 |E|E|s |5 |EE|s|s |E|E|c]s

wv (%] (%] (%] (%]
0.0-0.1 413.50 410.24 402.32 16,495.30 416.11 410.24 411.44 62,127.10 418.03 410.24 414.30 124,703.16 419.02 410.24 415.70 187,480.19 419.40 410.24 416.57 250,361.13
0.1-0.2 417.22 414.21 405.92 16,642.56 420.23 414.21 415.44 62,730.84 422.37 414.21 418.39 125,934.91 42372 414.21 419.95 189,396.70 425.13 414.21 421.05 253,050.50
02-03 423.05 419.83 411.53 16,872.73 425.76 419.83 421.11 63,587.49 426.00 404.73 418.42 125,945.26 426.00 391.44 411.56 185,614.22 426.00 384.85 405.74 243,852.64
0.3-0.4 42595 41395 412.74 16,922.22 425.95 374.41 396.60 59,886.94 42595 353.88 379.89 114,348.34 425.95 344.03 369.52 166,653.30 42595 338.76 362.56 217,899.33
0.4-0.5 42595 409.31 410.92 16,847.73 425.95 351.92 383.71 57,939.82 425.95 336.45 364.26 109,641.15 425.95 312.34 351.11 158,351.07 42595 312.34 342.72 205,972.96
05-0.6 42598 395.53 404.34 16,578.13 425.98 344.88 375.47 56,696.60 42598 320.98 353.70 106,462.81 42598 309.44 340.79 153,696.33 42598 303.09 332.18 199,643.10
0.6-0.7 42583 372.99 385.58 15,808.69 425.83 327.53 356.30 53,800.84 425.83 305.19 335.65 101,029.82 425.83 295.75 323.87 146,063.88 425.83 290.80 316.28 190,083.62
0.7-0.38 419.60 356.20 371.63 15,236.80 419.60 308.51 339.58 51,276.40 419.60 28791 318.37 95,830.63 419.60 278.76 306.78 138,356.75 419.60 274.37 299.32 179,891.77
0.8-0.9 425.80 357.94 375.92 15,412.74 425.80 298.98 336.15 50,758.72 425.80 274.73 310.73 93,530.97 425.80 264.27 297.09 133,989.37 425.80 258.93 288.31 173,274.08
09-1.0 42398 353.21 372.39 15,267.82 423.98 278.95 326.73 49,335.87 42398 244.80 293.03 88,201.64 423.98 229.05 274.22 123,673.75 423.98 219.18 261.72 157,290.83

9.



AN5199 4.13 AasknWinn1su1$a conf.6

Conf.6 charging power

observing time 4 s.

observing time 15 s.

observing time 30 s.

observing time 45 s.

observing time 60 s.

C [ C C C

o EL1E | g |8 EI1E | g | S EIlE | g | S EIlE | g | S ElE | g | S

2 E|E | g |8 E|E | g |¢ E|E | g |¢ E|E | g |¢ E|E | g |¢

S e s |5 |E|E| |5 |E|E|s |5 |EE|s|s |E|E|c]s

wv (%] (%] (%] (%]
0.0-0.1 414.70 410.88 403.19 16,530.87 417.38 410.88 412.58 62,298.95 419.50 410.88 415.54 125,078.52 420.53 410.88 417.03 188,079.60 420.96 410.88 417.96 251,194.38
0.1-0.2 419.28 416.12 407.84 16,721.37 421.95 416.12 417.30 63,011.61 423.74 416.12 420.09 126,445.66 424.97 416.12 42151 190,099.29 425.71 416.12 422.46 253,897.40
02-03 42351 420.15 411.87 16,886.51 426.02 420.15 421.26 63,609.86 426.02 396.65 414.59 124,792.14 426.02 383.48 406.34 183,259.65 426.02 375.69 399.66 240,198.60
0.3-0.4 426.00 418.59 413.89 16,969.30 426.00 379.85 400.43 60,465.47 426.00 360.45 384.92 115,861.95 426.00 350.61 375.08 169,160.82 426.00 344.46 368.24 221,314.15
0.4-0.5 426.00 403.27 408.13 16,733.17 426.00 359.31 384.93 58,124.83 426.00 338.05 366.26 110,243.42 426.00 327.64 355.09 160,145.73 426.00 322.07 347.66 208,945.43
05-0.6 42594 380.58 393,59 16,137.04 42594 338.90 366.48 55,338.31 42594 319.33 347.59 104,625.37 42594 309.56 336.59 151,803.32 42594 303.38 329.16 197,827.45
0.6-0.7 42598 380.15 393.56 16,135.89 425.98 339.69 366.44 55,332.51 42598 314.89 346.13 104,186.53 42598 302.02 33357 150,438.72 42598 296.66 325.06 195,359.22
0.7-0.38 424.03 366.17 379.40 15,555.25 424.03 314.45 346.99 52,395.33 424.03 294.77 325.54 97,987.45 424.03 284.97 313.71 141,482.23 424.03 279.25 305.88 183,836.76
0.8-0.9 407.98 344.35 359.95 14,757.87 407.98 294.45 326.74 49,337.11 407.98 274.87 305.19 91,862.21 407.98 265.88 293.65 132,437.97 407.98 260.57 286.16 171,984.55
09-1.0 397.21 333.00 349.85 14,343.90 397.21 281.03 314.47 47,484.28 397.21 258.44 291.23 87,661.03 397.21 248.38 278.65 125,670.72 397.21 242.75 270.49 162,566.45

Ll
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V7 s, I RO G G G B G+
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VT_minl5s
VT_meanl5s d
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35U 4.8 correlation matrix s¥IemmUsamsulunaUsEuaA1 SOCH

A & a ' v o & a i o v v
WBLUUNITUTEIAIAIANAUNUSLAZTIAN1TEINILUT Vr Uag Poyg Alea1nnIg
MNINTUNVUIAAIINNINVDIYILIAFUNATUAEIER Fgn LRdeuaznasIy Nilse SOCI Tu
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SOCI f51gagiduanu Ui 4.8 Falausaduyssdndanudunus pearson 581919
AasENwzlag SOCI Yayadin Aadnwarlunguues V; dauduiusiuusiunseia SOCI
! = U U v U o U ! OI dl d‘
NALYR Py, iANUENTUSTUAN BB USINRUEMSUAIEER 1RBELaTNATINYEY Py, LU
ANUNIRadunaiuAuduiusasdunalalagdieundu dmiunaanves Po,
IS v o sa Y J LYK 5 d‘ ! 14
wilanuduiusnuUsiunswe SOC uarazUsn)ANNFITUSanfallavwIAYIINTanaN

[ a1 a X 24 g = dl' L4 a X o
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9ndosa correlation coefficient IiledaiFaeddummLuLIIvBINIANTUS Y
1691 SOCI fmnudustusiu Py, fnga fldaingaanainsdann 60 s Py, Anan Alsain
H1928MNTENAR 45 s Vo FTilE91nT998I5EUNR 4 s 15545 s 30 s waw 60 s Fashs
5 Al sHANYIIAY Voo duusiae SOCI 391115080311 0IRaNYMEawnEe 1 dald
MUGIUHATIN Pepg lda1ngrea1n1sdunn 60 s Pehe Wwde Ailgantdianainisdanm 60 s
Pene ANEA 71l69109290081M580UNM 30 s Py, 108 AlFAINTIaMTELN 45 5 Py, 520
filfarngaaainisdang 45 s VT gegn Aldnndasaimsdauns 45 s vy 52 ildann
F1INTENNR 15 s Vy WAy Tlda1ngaaainisdenn 15 s VT wae fildaindranan
ATEUNA 4 s Vo 591 TlEa1nTanaInIsdana 4 s Pehe 534 Algangranainisdana 30 s
uay P, 1A fildantaanainisduns 30 s Senadnuusiomniamiuduiusiu socl
muﬁﬁué’ma@ﬁugﬂﬁ 4.10 mmfhLLUiﬁgwmﬁUﬁﬁﬂgiugﬂﬁqﬂdn%ﬁﬁLﬁé'hq'mzmumi
ahuuuianinsiSeudveanies XGBOOST dstiayaluinde 4.2.2
4.2.2 TA396379UUINABY XGBOOST
I1INNTLUIUNITAT1WUUTIABS XGBOOST #28nsruiunilaseasned
wngausonsldaulunisuszanaen SoCl Fadnindutiymannes (Regression) Tnasisn

[

ANwEUA 15 67 Tngnszuiunsimualassasnslunuidedldduls optuna wienis
il

WMUAATLATIHTNVBUUUTIABINITIT U VBNATEY XGBOOST Ingilsvavidunlasaasng

1Y

D!

N v o ° a o a
M3 4.14 Gﬂaiﬂaiﬂiﬂai'mLLU‘UQ']@@Qﬂ']iLiEJugGUEJ\‘]Lﬂi@\“l

model parameter value
n_estimators 900
max_depth 23
learning_rate 0.2907828695477856
gamma 0.0002850955587714891
min_child_weight 2

M13199 4.14 Ynaualaseas1aveiwuuinaeInisisousven3es XGBOOST iy
dmsunisussanas SOCI FslulssainavsUsenaumesuld@uihminlunsussanuavimun
900 fu lasdidnuiulunianun 23 ludedu waglunszuiunmsiiadulnlgnaluaunie

learning loss rate 11AU 0.2907828695477856 wiaunulunszuaunisiialuluuiien
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gamma Winfu 0.0002850955587714891 sauldiiamniinsiialusveddu Tufiielvaiy
wwdedloghatesdn 2 luildaselududaly efidiiiu min_child weight
4.2.3 UseANSnImATSUSENIUAIYRILUUTIABY

N5 suveand eaielaseaianussazifeniate 4.2.2 wui
LUUTIa0INsITeusueAIes XGBOOST fimmanunsalunisusyannue SOCI feyateya
n1513u3 (train data set) AN RMSE WinAU 0.0165 MAE iy 0.0109 uay R? i1y
0.9969 Fudufuannausolunsszanadfigudefinnsanandrduusia 3 ety
o3 ad1MTUN1INAABY (test data set) LUIGN1INAADURUUTIABINUTT UWUUTIAD
anuansolun1sUsEanas SOCI AfiAY RMSE Wiy 0.0543 MAE winffu 0.0403 R? 1infy
0.9514 uazdmiuyAvaya unseen data LUUTIADTAINAINNTALUNTYINUNEAIEAN
RMSE: 0.0548 MAE: 0.0450 R? winifu 0.9524 &stlidtuinuuusaesiivantuluenidod
fianuannsalunisussanuen soCl tilusesuflvensuld uagngRnssunisussanmue SOCI
wamdluguil 4.1 4.12 4.13 dwsumsinneyadeganisiious yadeyannaeu uas unseen

data set audsu
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JUT 4.11 wan1sUszanauen SOCI srgyadaya train



Predicted Initial SOC
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1.07 e Predicted (test data) )
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: -~ e . W
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4.2.4 ANUEAYVIIAMANYME
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= n o ¥ o 1N n o o n wn I T o
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U1 4.14 F-score veRmanuzdmiunsuszanuan SOCI

5UT 4.14 Yiauern F-score TlansssunudAnuosnndnuasusasiuysiil
deuvuiianinsisudvenaiesililunisuszannuen SOCI Tagen F-score vas VT A1gn
NI0AN Vooy HAUEARYasdn HANMIAU 43 A1 Py, ﬁﬂqmﬁlé’mﬂmmmé’qmm 60 s il
aruddelusiufl 2 Fafldn F-score Wiy 20 A1 VT saa@1ngasandananing 15 s 4
ANV 5 NATIU Pep IMNTIITUNAWIIAY 30 s TAWWIAY 3 Wag Vr g9ananngaaam
dunm 4 5P, H1ANINTIIAEUNA 30 s Py FNAAINTITIANEaNR 45 s TR0 F-score
Wiy 1 wazdauUsduusngan F-score windu 0 Zlidiudn delaseasianuusianinis
Bouivaanied XGBOOST fjauslidwuiinaudnuasduniumsdszanaan SOCI S1uy
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sonanmislinuardmaliderdanaduiiigasieisuiualungufefuvzdonals
wuudassUszanaoonuniifinnunaandeulunisussanaalulufiensi SOCH axdlrgs
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ponunluAridinitnnuduate dmsuen Py, snaainuideldyasnadaunaini 60 s ag
wuiileadsnandifidaudlefisuiuiuuslungunfiorfueenainnsUszanaazdanali
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1INAN Py, AENENINIANGIRBNATAmAlYRANTUSEINAEIAIANAIAAGR UL UAIAIRIN T
Auduass dmsudiuls nasa Pa, AlAIn9aaadunn 30 s Vr 499A91NYI99a1 4 s
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0.5 | 3.8023 | 0.9882
:_%’0.3-
%
0.6 3.005 | 0.9963
z ! 7
08
;u 06
g 0.4
§ 0.2
= 0
7
0.9983 00 . . .
400
£ 300
‘lﬁ 200
100
0c
0
0.7 | 2.3996

e

< o8l

2

5

o 06~

=

S 04 oooooooo

=

3

g 0.2+ oo
0 o i i i ‘ |
0 0.5 1.5 2 25 3 35

time (s)

4.5




AN5197 4.15 MANAINITIISATNTEREAIT (D)

88

SOCI | MAE R2 Pche €stimation results
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SOCI | MAE R? Pche €stimation results
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AN5199 4.27 @1 DTW alignment cost wag DTW normalized cost

Conf.| indicator SOCI 0.0 | SOCI 0.1 | SOCI 0.2 | SOCI 0.3 | SOCI 0.4 | SOCI 0.5 | SOCI 0.6 | SOCI 0.7 SOCI 0.8 SOCI 0.9
align. cost 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hed norm. cost 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
align. cost 127.416 9.691 23.820 10.060 34.845 27.842 93.540 40.448 14.709 70.670
e norm. cost 1.274 0.124 0.309 0.117 0.335 0.309 1.155 0.554 0.194 0.995
align. cost 4.809 0.574 7.996 10.074 24.191 13.225 58.462 17.008 63.400 21.410
e norm. cost 0.057 0.007 0.101 0.116 0.281 0.159 0.780 0.218 0.906 0.320
align. cost 7.819 1.021 8.684 9.916 17.412 10.034 46.533 16.687 20.823 76.995
el norm. cost 0.090 0.014 0.111 0.111 0.205 0.125 0.629 0.235 0.257 1.084
align. cost 80.002 22.846 61.553 191.793 563.634 677.034 838.696 1,425.043 1,255.388 1,441.754
LS norm. cost 0.930 0.293 0.586 1.793 6.479 9.812 11.649 17.813 17.197 19.750
align. cost 91.193 44.994 86.917 161.403 288.993 652.880 698.830 1,004.839 179,002.716 179,546.689
e norm. cost 1.013 0.592 0.828 1.552 3.482 7.866 9.573 12.883 2,796.917 2,805.417
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ANS199 4.28 AFILUSADRVBINITANUAYVDULINAINULEL DU

SOCI 0.0 | SOCI 0.1 | SOCI 0.2 | SOCI 0.3 | SOCI 0.4 | SOCI 0.5 | SOCI 0.6 | SOCI 0.7 | SOCI 0.8 | SOCI 0.9
sum of norm. cost 2.561 2533 2.419 2.752 2931 2.692 2.754 2.661 2.559 2.396
mean of norm. cost 0.043 0.042 0.040 0.046 0.049 0.045 0.046 0.044 0.043 0.040
STDV. of norm. cost 0.009 0.008 0.008 0.008 0.010 0.009 0.008 0.007 0.009 0.007
norm. cost threshold with 1 STDV. 0.051 0.050 0.048 0.054 0.059 0.054 0.054 0.052 0.052 0.047
norm. cost threshold with 2 STDV. 0.060 0.058 0.056 0.062 0.068 0.063 0.061 0.059 0.061 0.054

v0T
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conf. DTW norm. cost boundary anomaly prediction actual anomaly conf. DTW norm. cost boundary anomaly prediction actual anomaly
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A15719% 4.29 Han15P5I9UANU Ll aunI8AT DTW norm. cost (#@)

conf. DTW norm. cost boundary anomaly prediction actual anomaly conf. DTW norm. cost boundary anomaly prediction actual anomaly
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Abstract: This research aims to elucidate the intricate electrical and thermal characteristics of lithinm-ion batteries
under varying slectrode types, encompassing Lithium Iron Phosphate (LFP), Lithinm Nickel Manganess Cobalt Oxids
{WMC), and Lithinm Nickel Cobalt Aluminmm Oxide (WCA). The experimental investizations were meticulously
conducted employing two distinet methadologies: constant current discharge and pulse current discharge. Furthermore,
& novel modeling technique was introduced, entailing the utilizaton of an electrical equivalent circuit medel. The
findings of this smdy revesl a complex non-linesr comelation berwean the quantity of charge and the open-circnit
voltage (OCV) throughout the discharge progression. It was observed that the State of Charge (S0C), OCV, and
terminal voltage (V) undergo alterations in & symchronous manner, albeit in 2 non-linear fashiom Particularly
noteworthy is the observation that the LFP demonstrated a comparatively minimal fluctuation in voltage when
juxtaposed with the MMC and NCA | all ar changing of eguivalent S0OC levels. The generation of heat remained
relatively uniform throughout the discharge process, exhibiting escalated rates when the 50C levels plammeted below
0.2 or escalated beyvond 0.5, Regarding the elecrodes, it is notable that the NMC variant showcasaed the highest rate
of heat generation, with WCA and LFP in close succession. In the chapter concerning medeling, the suggested model
demonstrated a notewrorthy level of precision in predicting V', values for 50C within the range of 1.0 to 0.2. The mesn
&rTor margin was determined to be 0004404 ', equivalent to 1.176% for NMC, -0.0256 V, corresponding to 1.1246%
for KCA, and -0.07 V', representing 2.601% for LFP.

Kevwords: Li-ion battery, Elecmical and Themnmal character, Li-ion model, Comparative study.
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optimizmg these electrical properties to enhance
battery performance in electric vehicles, renewable
energy storage, and consumer electronmies. Siraj et al.
[1] show the resin-infusion technique improves cell
gualhty and performancs, reduces resistance, and
enhances safety with stable materials. GF plan
weare  separators achieved 412 Whikgs,
outperforming the 27.5 Whikg of thicker Whatman
GFA zeparators. The thinner GF plain weave design
boosts volumetric and gravimetric energy densities.
Energy densities of Whatman GFA and GF plam
weare cells reachad 73% and 68% of their theoretical
maximums, respectively. Wei et al. [2] use the
Selenmum  additive the electrode, Se-dopmg
significantly enhances spinel LiMn204 as a cathode
material for Li-ion by increasing oxygen vacancies
and improving conductivity. This mitigates the Jahn-
Teller effact, leading to greater stability durmg
cyclmg. The Se-doped LiMn?(04 achieves an mmtial
discharge capacity of 101.0 mAhfg at 7 C-rate, with
E7.3% retention after 200 cycles. The full battery
shows a discharge capacity of 97.9 mAb/g, a
retention rate of 7E.2% after 200 cycles, and an
energy density of 1451 WhiK g, nearly double that of
asingle Li-ion. In the material scisnce Kim ot al [3]
mixed ? materiel in to the electrode, enhaneed the
performance of Li-ion anedes by mcorporatng
phosphorus (P) atoms into siloxene through thermal
evapeoration of sodium hypophosphite. This selectrra
mucleophilic substitution sigmficantly improves the
material's charge transport kinetics. The optimized n-
type siloxene electrode, with a doping concentration
of 6.7 = 10" atomsfem?, achieved a capacity of 394
mAb/g at 2,000 mASs and 73% capacity retention
after 500 cycles. These improvements are attnbuted
to better electromie conducton, charge transfer, and
solid-state diffusion, offermg a promising route for
enhancing  Li-lon  storage.  The  electmieal
characteristics such as charge rate and internal
resistance sizmficantly affect the performance of Li-
ion. Higher charge rates can lead to increased internal
resistance, which impaets the discharge parformancs
and oerall efficiency of the battery. Understanding
thasze factors 15 crucial for optomzing the design and
operation of batteries [4]. More over Lucafern at al.
[5] expansion at lower C-rates, Li-ion can distribute
their charge more effectively and slowly over tume,
leadme to a higher capacity ubtlization. This 1s
because the internal components have sufficient tima
to arrange themeehres for the reaction, allowing for a
more complete unlization of the battery's capacity.
Conversely, at very high C-rates, the capacity of the
battery to hold charge decreases. This reduction 1s
due to the limited tme availabls for the internal
compenents to align properly for the reactiom,
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resultmg in only a fraction of them contmbuting to the
reaction. The relationship between voltage, time,
capacity, and aging in lithium-1on cells is miricate, as
these factors are interdependent in determining call
longevity and performance Voltage and charging
fime are eTitical parameters in fast charging protocols,
where optimizing these can mibigate aging effects,
such as capacity fade and mpedance nise [6]. Jia et
al. [7] demonstrates a significant enhancement n
electrochemical capacity, atinibuted to its umique
nanostructure design and the synergistic effects of its
composite materials. After undergomgz 1,000 cyeles
at a high current density of 1 Afg, the material’s
reversible capacity stabilizes at an mmpressive 1 318
mAhfz, showeasmg 1ts exceptional rate performance
and stability under demanding conditioms. This
adrancement highlights the potential of integrating
metal-organic  frameworks with electrospinming
technology to  develop high-capacity Lion
electrodes. The mterplay between electrical and
thermal characteristies iz pivotal in managing heat
generation and dissipattion withm the battery.
Effective thermal management strategies, such as
hybrid cooling systems, are essential to prevent
overheatmg, which can degrade Li-ion performance
and lead to safety nsks hike thermal ninaway [B]. The
study by Daud et al. [9] emphasizes the importance
of controllng thermal generation during charging
processes to enhance Li-ton safety and efficiency.
Shetty et al [10] show effective heat dissipation is
essential to ensure the Li-lon operate withmn ther
optimal temperature range of 15 °C to 40 °C, with a
maximum allowable temperature difference betweesn
cells of no more than 5 °C to mamtain performance
and lengerity. To address these challenges, the they
explore the use of phase change materials as a cooling
strategy within a battery thermal management
system The research employs computational fluid
dynamics analysis to evaluate the effectiveness of
phase changze materials in reducme heat zeneration at
vartous discharge rates. The findmgs reveal that
incorporating phase changs materials in the battery
thermal management system can significandy
mifigate the maximum temperaturs rise m the battery
cells. Specifically, the cell with battery thermal
management system exhibited 2 redoction
maximum temperature nse by 2%, 2.1%, and 1% at
discharge rates of 1.5C-rate, 1.0 C-rate, and 0.5 C-
rate, respactively, demonstrating the phase change
materials ‘s efficacy - mm  enhancing thermal
management.

Developing accurate models to represent the
electrical behaviour of Li-ion is cruecial for system
design and optimization. Electnical Egquivalent
Circewit models (EECm) are commonly used to
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simulate battery responses under various conditions,
helping to predict performance metrics like +oltage
and S50C. These models are +ital for mtegrating
batteries into power systems, ensuring efficient
energy management, and preventing issues such as
overcharging or deep discharga[11]. Zhang etal [12]
use partial discharge test and deep discharze test to
mmprove the accuracy of EECm. The beth partal
discharge test and deep discharge test can
significantly enhance EECm accuracy by captunng
both transient and steady-state properties of the
battery. The experimental results confirm that the
meathod reduces the root mean square emor of EECm
by approxmmately 70% compared to conventional
methods. Damodaran et al. [13] identified EECm
parameters using hybrid pulse power characterization
tests and least square fittmg algorithms: to ensure
model aceuracy. The aceuracy of the developed
models 15 +validated aganst virtwal hybnd pulse
power charactenzation test results, demonstrating
good agreement with physics-based slectrochemical
models. Additionally, the effect of important
parameters like 50C and temperature on the RC
parameters 15 thoroughly analysed, mdicating that
these factors sigmificantly mmfluence the medel’s
performance.

Based on the aforementioned information, it 1s
evident that recent advancements in Li-iem have
focused on enhancing performance, extending
lifespan, optimizing thermal manapement, amd
predicting  behaviour  through — mathematical
modeling. Numerous studies have prodoced ughly
satisfactory outcomes. Howerer, there remains a lack
of research addressing the performance of Li-ton with
different electrode wunder i1dentical operatmg
condifions. This study seels to provide a comparatre
analysis of the elactrical and thermal behaviours of
Li-ion under consistent conditions, with the aim of
explonng the relationships betr-een anables used to
indicate the operational state of these batteries.
Furthermore, the study proposes the development of
an EECm through a straightforward and reliabla
process to elucidate the respomse of Li-ion to the
operating conditions. Gaming a deeper understandmg
of the behaviour of Li-ion with different electrode
will faelitate more informed future applications,
particularly in improvmg methods for estimating Li-
1on states within battery management systems with
enhancing accuracy, and developing appropriate
thermal management systems tailered to different
types of Li-ion. Ultimately, these advancements vall
confmibute to safer usage by prevenbing severs
incidents of thermal runaway and enabling the
efficient utilization of Li-ion with varying electrods
compesitions.
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This article details the experimental process and
tools i Chapter 2, followed by an overview of the
components and fundamental operating pnnciples of
Li-ion in Chapter 3. Within this chapter, the
discussion foruses on the expenimental results,
highhghting the behavier of v-ariables in response to
electnical and thermal operations. Chapter 4 pronides
an in-depth explanation of the structure of the EECm,
includmg the equations utihzed in model’s
development and the modeling process. Furthermore,
an analysis of the model’s performance 15 presented,
vahdated through companson with  actual
experimental results, and finally the research findings

are then summanzed in Chapter 5.

2, Experimental setup

The experiment 15 designed for testing and
recording the slectrical and surface temperature
behariour of a Li-ion. The experimental unit is show
in Fig. 1, The computer No.l and battery tester
(Chroma model 17020 Regensrative Battery Test
System) are used for creating a discharge profile and
recording toltaze and current, with aceuracy of
002% Random Data Gensrator = 0.02% F 3. for
voltaze measurement and 0.1%rdz. +0.05% Random
Number Generator for current measurement The
computer No? and data acquisition (National
Instruments NI 9211) mnterface, used in conjunction
with LabVIEW 2015 softwrare, records the Liton
surface temperature. A type K thermocouple 1
emploved for temperature sensing, offering an
accuracy of £0.75%. Data is recorded at 1 second
mntervals. The li-ion cell: NMC, NCA, and LFP cells
were used to study and the technical details are showm
in Table 1.

Experimental No.1 Constant Current Dhischarge
test (CCDM) aimed to measure the electrical charge
capacity () held within the cell and to understand
the relationship between terminal +oltage and how
much charge the cell holds. It also mvestigated the
relaton between V, and SOC. The test mrolved
applving a constant current discharge at a 1 C-rate,
with a current of 5 A for WMC and NCA, the LFP
was tested under a current of 6.2 A, romg from the
cell's mammum voltaze down fo Its minimum
voltage, follow the manufacturer’s
recommendations.

Experimental No_ 2 Polsa Current Dischargs test
(PCDt) mnolved applying short bursts of discharge at
a1l C-rate cumrent. Each burst was designed to reduce
the SOC by 0.1 (10%), followed by a 40-minute rest
pertod. This cyele was repeated, starting at S0C by 1
(100%) until the battery reached 0.0 (%) SOC. The
primary goal of this expenment was to analvse the
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Figure. 1 Schematic diagram of the experimental setup
Table 1. Li-ion technical specification
Specification NMC NCA LFP
Pec ORB217C50 INR21700-S0E IFR32700 G65
Cell character 21700 21700 32650
Nominal voltage (V) 36 36 32
Maximum voltage (V) 42 42 3.65
Discharge cut-off voltage (V) 25 235 2
Nominal capacity (Ah) 5 5 6.2
Cell weight (z) 86 69 150
cell’s electrical behaviour and thermal behaviour ¢ discharge
throughout process and the testing results will be use Load ——==
to estimate parameters value in the mathematical I Charger
model, with a detaled explanation provided in | - ¥
¢ charge

chapter 5.

3. Li-ion battery

In order to apprehend the elements and
underlying operational principles of Li-ion, which
can assist In a comprehensive examination of their
functionality and consequences, this segment
furnishes a detailled explanation of the basic
operational principles and components of Li-ion, as
demonstrated m Fig. 2. The anode, typically
fabnicated from graphite, serves as the negative
electrode  during discharge and is primanly
accountable for storing lithium ions throughout the
charging process. Throughout the discharge phase, it
releases lithium ioms into the electrolyte. providing
the necessary electrons to generate an electric current
in the external circuit, thereby activating the
connected device [14]. The cathode, typically
composed of lithium metal oxide such as lithium
cobalt oxide or lithium iron phosphate, functions as

Internarnional Journal of Intelligent Engineering and Systems, Vol.17, No.o, 2024
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Figure. 2 The principles component of Li-ion cell
based on figure mRef. [18]

the positi-e electrode. When undergoing discharge, 1t
discharges lithum ions that traverse through the
electrolyte to the anode, accepting the returning
lithium ions from the anode and aiding electron flow
through the external circuit [15]. The electrolyte, with
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a lithium salt dissolred in an orgame solvent, serves
as the medium for hithium iens to move betneen the
anode and cathode, ensuring the smooth migration of
thece ions during both the chargmg and discharging
processes to maintain the essential iom balanecs
necessary for the proper operation of the battery [16].
The separator, a porous polymer membrane,
physically divides the anode and cathode, playmg a
erucial safety rele by permitting lithium ions to pass
while preventing direct electrical contact between the
two electrodes. This separation 1s vital for preventing
short crewits and potential battery malfunchons er
overtheating [17].

3.1 Dynamics of voltage and temperature

This chapter analyses the electrical and thermal
characteristics encompassing V,, ) and cell surface
temperatures, explonng the relationship between V,
variations relative to 30C and the eomelation
between surface temperature changes and 30C.
Subsequently, the investigation involves an analysis
of charge and voltage resuling from the expeniments
conducted.

31.1. Terminal voltage and charge capacity

iz
4 =
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2 &
/ "3
i 1,000 2,000 3,00 )
lime (<)
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Figura_ 3 The terminal voltage and charge capacity:
(a) MMC cell, (b) WCA cell, and () LFP cell

Internanional Jowrnal of Intelligant Engineering and Syzrems, Fol 17, No.g, 2024

Revisad: Augnst 20, 2024,

188

The CCDt test was designed to determine the (),
a value dependent on the discharge cumrent. In this
test, the Li-ton battery was discharged at 1-C-rate
current discharge rate until it reached its minimum
permissible toltage. Throughout the process,
terminal voltage and accumulated elsetrical charge
were contimuously recorded. The results, depicted in
Fig. 3, illustrate the voltage and charge behaviours.
Fig. 3(a) shows the trend in the changes of V, and Q
values of the NMC cell. The WV, value decreases
mmmediately when the current starts to be discharge,
followed by a relatrrely steady rate of dechne, as
obserrad from the black line on the graph, up to 3,000
s Beyond this point, the V,behaiour changes, with a
more rapid rate of dechne, noticeable from the
sharply currmg line, until the V, reaches 2.5 V. It can
be concluded that the V, valoe of the NMC eell
changes over the duration of the discharge, and this
behatiour can be divided mmto three phases: the first
phase, where V, drops rapdly upon the imtal
discharging; the second phase, where V, decreases at
a steady rate; and the third phase, where V, declines
rapidly until 1t drops below 2.5 V. Regarding ), it can
be observed that there 15 a steady rate of merease,
shomwn by the red dashed line. At the beginming of the
experiment, the () value 15 at its lowest and inereases
steadily unhl 1t stops when V falls below 25 W
Considering this data alongside V, values, it can be
said that as the accummulated () increases, V, decreases
in a nonlmear relationship, which is elearly depicted
m the graph From the expenmental results, it is
found that the highest V, value 1z 41637 V, with a
total duration of 3,423 s before V, drops to 2.5V, and
a } value of 4.743.7 mAh. This behaviour is also
observed in NCA cells, as shown m Fig. 3(b), where
Vi behaviour can smmlarly be divided inte three
phaszes, and the Q) behariour follows the same trend
as the NMC cell Howerer, there is a difference in the
time taken to discharge, as shown m Fig. 3(b). The
black line indicates a longer duration compared to the
NMC cell, suggestmg that the NCA cell provides a
longer discharge tme under the same conditions.
From the experimental results, it is found that the
highest V, value for NCA 15 41618 WV, and it
decreases to 2.5 V over a duration of 3,492 ¢ with a
Q value of 4742 5 mAh_ In Fig. 3(c), which shows
the V, and Q values of LFP, it is seen that V, drops
rapidly at the mmtal discharge. followed by a
relativaly stabla rate of deerease, where the V, value
remains fairly constant vntil around 2,700 s. At this
pownt, V', begmns to decline at an mereased rate, falling
rapidly at around 3,100 s, untl V, reaches 2 V. The
W, behaviour for the LFP cell can also be divided into
three phases similar to the NMC and NCA cells, but
with a distinetly lower rate of decline in the second
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phase, as shown by the black lme on the graph. The
Q of LFP increases steadily, exlibiting the same
behariour as the NMC and NCA cells. The highest V,
value for LFP 15 3.3915 V, which drops to 2 V overa
duration of 3,323 ¢ with a () value of 5,987.1 maAh
From the C'CDt test at a current of 1 C-rate, it can be
observed that Li-ton cells with different electrode
chemistnies exhibit similar voltage behaviours that
can be divided into three phases. However, there are
differences in the rate of change, the duraton of
discharge, and the amount of charge the cells can
delirer, which result from their chemical composihon,
size, and shape, affecting their ability to charge
conductivity and diffusivity of Li-ien [19].

3.1.2. Electrothermal

The electrothermal amalysis for Li-ion batteries
invelres examining the relationship between the rate
of heat peneration, the hbattery’s temperaturs
influenced by the chemical compositon of the
electzodes, Vy, Q, lifespan, and varying current
conditions [20]. This section will be presented
through an analysis of the surface temperature
behaviour of Li-ion batteries m relation to () and time,
based on results from PCDMt expermments, and am
examination of the mmpact of state of charge (30C)
as can be assessed from Eq. (7). Fig. 4(a) presents V,
for WMC, showing its vanatien alongade the
discharge current. It 15 observed that dunng discharge,
WV, decreases rapidly imtially and then decreases ata
relatively constant rate. When dischargs eeases, W,
guickly rises dunng the initial stop period and then
stabilizes until the discharge process restarts, leading
to a behaviour pattern that persists until the end of the
process. Fig. 4(b) displays the behaviour of surface
temperature and SOC for NMC. When considered
together with Fig. 4{a). 1t 15 evident that durmg
discharge, the surface temperature of Li-1on battenies
increases limearly with time. Addinomally, 50C
changes during discharge are not influenced by time,
as 50C remams coonstant when Li-ion 15 not
discharging. For eclearer understandimg V. is
presented in Fig. 4(c), showimg V, for NMC over the
same discharge peniod. It 1s evident that V, decreases
rapidly at the begmmimg of discharge and then
decreases at a constant rate, as observed from the
graph's comstant slope after the mitial discharge
peniod. When discharge stops, V, quickly rises and
stabilizes wumtil the discharge process restarts.
Furthermore, when considered alemgsade Fig 4(hb),
data show that 'V, chamges with 30C, but the
relationship between Vy and 30C remains complex.
Dunng the mitial discharge and the beginmmg of
discharge cessation, the graph exhibits cur-ature
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before entering a phase of constant slope, presenting
a challenge for researchers to achiere more accurate
correlations. Addinonally, V. decreases as S0C
decreases, with the rate of decrease m V, increasmg
as S0C lowers, as observed from the red and gresn
lines with steeper slopes compared to the black line
during discharge. To better understand the thermal
behariour of Li-iom NMC, Fig. 4(d) illustrates how
surface temperature change: from the start of
discharge to the end, known as temperature surge.
The Fig. 4b) and 4{d) shows that the surface
temperature nereases n each discharge eyele, with a
constant rate of increase under the same S0C, and the
slope of the graph vanes with different S0OC valoes.
This data mdicates that NMC exhibats different heat
generation rates even under the same discharge
current but different S0C conditions, with the highest
heat generation rate oceurming at S0C = 0.1 and the
lowest at SOC = 0.8. Fig. 5(a) presents V,, current,
and tme data for Liaon battenes with NCA
electrodes, showing similar WV, behaviour to NMC.
Similarly, Fiz. 5(c) indicates that V, changes with
50C, decreasing rapidly at the beginming of
discharge and then at a constant rate after the imtal
phaze. When discharge ceases, V, rises quickly m the
mitial stop peried and remains high until discharge
restarts. The data also reveal a complex relabonship
between V, and 50C, as seen from the curvature of
WV, before reaching a constant slope or a steady state
when discharge stops. Additionally, the rate of
decrease m W, mereazes as S0C decreases, as
obserred from the red and gresn hines with steaper
negative slopes compared to the black lne.
Regarding thermal behaviour, Fig. 5(b) shows that
NCA generates heat in every discharge cycle and
stops when not mm use. Fig. 5(d) demonstrates that
under the same discharge conditions (1.e., the sama
50C), NCA has a consistent rate of surface
temperature increase that does not depend on the lost
Q. However, different mmital S0OC +alues result
different rates of surface temperature increase,
indicating that NCA gensrates heat at varying rates
depending on 30C, with the highest heat generation
at S0C = 0.1. For LFP cells, Fiz. 6(a) shows that V,,
the V, decreases rapidly at the start of discharge,
followed by a constant decrease, and V, rises and
stabilizes when discharge steps wmtil the process
restarts. Fig. 6(c) shows that V, decreases with lower
S50C, with V, remaiwmg ecenstant when LFP is not
dischargmmg, and 500 valies lead to a dectease in 'V,
The themmal behaviour in Fiz. 6(b) 15 smmilar to that
of NMC and NCA, with LFP exhibiting an increase
in surface temperature durmg each discharge cyele.
When comparing different imtial 30C vahes, LFP
shows varying heat generation rates, as indicated by
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Figure. 5 The NCA™s behaviour: (2) terminal volage,
(b) surface temperature, {c) comparative terminal voltage, and (d) surface temperature surge
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temperature surge m Fig. 6{d), with no linear
relationship betvreen heat generation rate and SOC.
The minimum heat penaration rate does not occur at
the highest SOC.

When companng V, data from Fig_ 4{c), 5(c), and
6(c), which present V, for NMC, NCA, and LFP
respactively, 1t 15 observed that LFP chows the
smallest rate of decreasem Vo with 30 as seen from
the distance betwesn lines. This indicates that V,
changes m LFP are relatirely stable across S0C
values from 04 to 0.9. For NMC and NCA, V,
decreases significantly as S0C decreases. Regarding
heat generation, Fig. 4(d), 5(d), and 6(d). show that

Inrernanional Journal of Inrelligant Engineering and Syzrems, Fol 17, No.g, 2024

the three types of Li-ion batteries exhibit different
heat peneration rates at the same 500, as illustrated
m Fig. 7. Thas figure shows varying rates of surface
temperature Increase dependmg on 30C and
electrode chemistry. The data also conform that the
heat generation rate during discharge relates to 30C
as a quadratic function, with higher values when S0C
15 low, consistent with other research indicating 1 Li-
ion batteries experiencing higher degradation rates
dne to increased heat generation and low SOC [20,
21]. The figures ndicate that NMC exhibits the
highest rate of heat generation, followed by NCA and
LFP, respectively.

3.2 OCY and charge quantity character

Incremental Capacity (IC) and Differential
Veoltage (DV) analyses are +ital techmques for
monitoning the health and degradation of Lithium-1on
batteries. IC amalysis imwvolves examinimg the
derrvative of battery eapacity relative to the state of
charge, offering insights mto degradation modes and
state-of-health predictions [22]. In conmtrast, DV
amalysis  focuses on  voltage differentials to
differentiate between the loss of lithinm inventory
and the active material in the anode and cathode,
providing a lughly accurate guantitatre diagnostic
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Figure. B: (3) The differential voltage and
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approach [23] These methods are essennial for
understanding battery degradation mechanisms [27].
Based on the aforementioned approach, this research
applies 1t to a comparative analysis of changes m
electric charge relatrre to changes in the OCV, as
considered 1in Eq. (1) [24]., and changes mn +oltage
relative to changes in electnic charge, as shownin Eq.
(2) [25]. This is deone to study the rate of change of
each parameterise behaviour of the three types of Li-
lon

4]
(2

Where JC 15 Incremental Capacity, DF 15
Dnffarential Voltage, O is electrical change capacity,
OCF 15 open cirenit voltage.

Based on the PCDt experiment, as shown mn Fiz.
4{ec), 3(c), and 6{(c), the voltage readmegs at the end of
each line graph represent the OCW at vaneus S0C
levels. This voltage 1s measured after allowing the Li-
1on battery to rest for 40 minutes following discharge
[18]. From this data, we can establish a relationship
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between OCV and S0C [26]. The PCDt exparimant
also collected the amount of electric charge
discharged mn each cycle, with S0C decreasing by 0.1
sach time. Thus, using Eg. (1), the results are
illustrated in Fig. &(a), showing the variation m
elactric charge during discharge relative to changes
1 OCV across SOC levels. It can be observed that all
three types of Liiom battenes exhubit non-hnear
behatiour in the reduction of electric charge with
decreasing OCV, as shown by the changmmg data
points when S0C decreases. Particularly, in the SOC
range of 1.0 te 0.7, there 15 a notable change,
indicating that during this interal, the OCV of Li-lon
batteries changes less than in the 50C range below
0.7. Furthermore, when comparing the three types of
Li-ion batteries, the behaviour is similar, especially
as 30C decreases from 0.7 to 0.0, with all three
exhibiting elosely related values. Notably, in the SOC
range of 0.7 to 0.1, LFP batteries show the lowest rate
of change, followed by NMC and NCA battenies,
indicating that under aqual reductions in OCV during
discharge, LFP batteries exhibit less change m
electric charge compared to WMC and NCA batterzes.
In the 50C range of 1.0 to 0.7, LFP battenies show a
more pronounced change in electric charge during
discharge than NCA and NMC batteries. This
suggests that for an equal rate of change 1 elecinc
charge, the voltage change in LFP battenies 15 lass
than that in NCA and NMC batteries, respectively. In
Fig. 8(b), the change m OCV relative to the change
m electric charge 15 presented, as can be analysed
using Eq. (2). This data shows that Lion battenies
exhibit a decreasmg trend in OCV relatre to the
electric charge n a non-limear manner across the 30C
range from 1.0 to 0.0, with a sharp decrease when
S0C falls below 0.2. This mdicates that Liton
batteries do not have a constant reduction im OCV
during discharge. Furthermore, in the 30C range of
10 te 0.1, LFP battenes again show the lowest
values, followed closely by NCA and NMC batteries.
Thas suggests that under the same amount of change
in electric charge, LFP batteries have the smallest
change 1 OCV, followed by NCA, which has a
change rate similar to NMC. This data underscores
the significance of closely monitoring and effectivaly
managmg the electrical and thermal propertiss of
various types of Li-ion. It 1s imperative to tallor these
monitonng and management strategies to the specific
characteristics of sach Li-iom battery variamt, as
different types of Li-ion batteries display distinet
electrical and thermal traits. Adhenmng to this
approach is of paramount importance in puarantesing
the safety, optimizing the efficiency and lifespan, as
well as in conserving valuable resources
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4. Li-ion modeling approach

Several battery models have been developed to
cater to a vanety of applications for the analysis of
battery functionahties. These models vary in the lavel
of complexity of equations and vamables, which
depends on the underlymng theones and assumphons
that guide their formulation or development. The
literature suggests that battery mathematical models
can be categorized mto three primary classifications:
1. Electrochemical Meodel (ECm), 2. Electneal
Equivalent Circuit Model (EECm), and 3. Data-
Drven Model (DDm). In view of this research, the
EECm was chosen based om thewr swtability m
mathematical procedures and theirr appheablity m
Battery Management Systerns (BMS) [27].

4.1 Electrical equivalent cirewit model (EECm)

This research utilizes a modsl based on the
Thevemin model, which 15 compnsed of a semes
cirenit meluding an OCV, a resistor referred to as R,
and two parallel RC pairs consisting of resistors and
capacitors, as shown in Fig. 9. Within this theoretical
framework, the OCV serves to symbolize the internal
voltage of the battery across different S0C. The
rasistor R, on the other hand, embodies the mternal
rasistance of the battery, encompassing the alectrizal
resistance stemming from electrodes, separator, and
electrolyte components. The 1* RC pair 15 dedicated
te smmulatng the conductrre and diffusive
characteristics of electric charges m reaction to short-
lired dynamics, while the 2™ RC pair 1s specificalby
desizned to emulate the prolonged respomse of the
lithium-ion battery. Together, thess components halp
in forming a vibrant profile that accurately mirrors
real-world occurrences with a lagh degree of
precision [28].

From Farchhoff's voltage law (KVL), The F,can
calculate by Eq. (3}

Vi = OCV — Vaer — Vacr — Vie (3)

With EKirchhoff's current law (ECL), the voltage
across the BC-network expresses by Eq. (4) and (5).

d¥pey _ I Vao @
de €, Ry

dVWpez _ 1 Veea
de T & Rily (3)

The voltage across Bg grven by

Vs = IRg (6)
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03
Table 2. Summary of Notation
Symbal Dlescription
Abbreviation
BMS5 battery management sysiems
CCDt constant current dischargs test
DDm data-driven model
ov differential voltage
ECm electrochemical model
EECm electrical equivalent circuit models
Ic incremental capacity
ECL Kirchhoff's current law
EVL Kirchhoff s voltage law
LFP lithinm iron Phosphate
Li-ion lithium-ion batteries
MNCA lithinm nicke] cobalt ahiminium oxide
NMIC lithium nicke]l mangansese cobalt oxide
ocw open-circuit voltage
PCIn pulse current discharge test
Variables
C capacitor on the 19 RC natworks(F)
Cr capacitor on the 2" BC networks(F)
Coap charge capacity of Li-ion(Ah)
I current{A) (-)Charping, {+)Discharging
ac¥F open-circuit voltage{\)
R; resister on the 1* RC networks( L))
R resistor on the 2 RC networks( LX)
Rs resister B0))
soC state of charge
r time(5)
Froy woltages across the 19 BC networks(V)
Frz valtages across the 2™ RC netwrorks(V)
Frs woltages across the resistor BV
Fr terminal voltage(V)
-y ==
K, B: | .
AR e
oy '
iy C, ¥y
|
- -

Figure 9 The electrical equivalent circuit model
based en JRC-Thevenin modal

The $OC 15 a parameter that quantifies the remaining
capacity of a battery, expressed as Eq. (T) All
variables are presented 1n Tabla 2.

S0C = SOC; — — [/ 1dt (7
g

4.2 Li-ion battery modeling

The Li-ton simulation m this research uhlizes Eq.
(3) through Eq. (7), with modeling performed within
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Figure. 11 The NMC modelling: (a) terminal voltage,
(b) error and SOC, and () bell curve of error

MATLAB Simulink. MATLAB"s bwlit-in functions
serte as the tool for estimating model parameters (R,.
R>.C,,C:). Employing PCDt test rasults, where I as
the mput variable and V, and SOC as output vanables.
Subsequently, Ry is estimated using the difference
between V| at the mitiation of discharge and V, at 1
second post-discharge mitiation: Eq. (6) 1s used for
this estmation. This procedure is iterated across all
SOC values. This analysis establishes that all five
parameters within this model are functionally
dependent on the SOC at 5 A discharge current for
NMC, NCA and 6.2 A discharge current for LFP.
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Figure. 12 The NCA modeling: (a) terminal voltage,
(b) error and SOC, and (c) bell curve of error

Subsequently. all parameter values were employed to
construct a model withm MATLAB Simulmk, the
work flow for Li-ion modeling 15 show in Fig. 10. In
the functioning of the model. the T acts as the mput
parameter, with the V, and SOC being generated as
the resulting outputs. Model accuracy was validated
using a randomized discharge current profile are
show in Figs. 11(a) 12(a) and 13(a).

Through the process of parameter estimation and
Li-ion simulation utilizing a specific model, wherein
the input vanable I is structured based on a
randomized discharge current profile and the output
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variable V) 15 analysed, Fig. 11{a) offers a detailed
companson between the V, values derived from the
model and the actual experimental for NMC. The
results clearly demonstrate the model’s eapability to
predict V', that closely correspond to the experimental
with a lngh level of satsfaction Nonetheless, 1t 15
worth noting that when the S0C drop below 0.2,
there 1z a noticeable deviation between the V,
produced by the model and the expenmental
outcomes, as clearly depicted in Fig. 11(k).
Particularly, the difference of V, is representad by the
red graph line, ighhghting significant discrepancies
espectally when the S0C 15 below 0.2, This empirical
data strongly mmplies that the modal and parameater
estimation techmgque smployed in this study exhibit
high accuracy within 30C ranges from 1 to 0.2. Upen
scrutmizing the deviation data within the framework
of the standard normal distnbution, 1t 15 evident that
the model’s precision is quite commendable, with an
average error of 0004404 V equal to 1.176% and a
standard deviation of 0.121807, show as Fig. 10(c).
Wererthaless, there Is a consistent obser-ation that
the modsl tends to slightly overestmate +alues
compared to the actual experimental results. Analysis
of the V|, data and deviations for NCA, illustrated in
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Figz. 12 (a) and 12 (b), further remforces the
effectiveness of the model and methodology
emploved m this investigation im  debvenmg
satisfactory outcomes for NCA at S0C levels ranging
from 1 to 0.2. However, deriations become more
prominent at lovwer 30C levels. Fig. 12(c) provides a
comprehensie overview showmg that the model
offers reliable predictions for NCA, with an average
error of -0.0236 V equal to 1.126% and a stamdard
deviation of 0441, indicating a tendency of the model

to forecast Vyvalues lower than the expennmental data.

Smmlarly, Figs. 13(a) and 13(b) showcase the W,
values predict by the model and the comesponding
deviations for LFP, which exhibit a similar pattern to
the pnior two battery types. The model demonstrates
satisfactory performance within 30C levels from 1 to
02, with discrepancies smerging below S0C 0.2.
The statistiecal figures pertaining to deviations,
featured i Fig. 13(c), affirm that the model and
methodology appled n this study accurately predict
the V, of LFP, with an average error of 0.07 V aqual
to 2.601% and a standard deviation of 0.090265.
Monetheless, the model tends to underestimate values
compared to the actual expernmental findings.
Draming insights from the validation outcomes, it can
be dedueed that the EEC medel proves to be effective
m predicting V, behaviour when coupled with the
parameter estimation process Integrated into
MATLAB Simulink Neverthaless, for scenarios
mmvolving 30C below 0.2, 1t 15 erucial to take into
account the observed deviations or potentally
mfroduce additional vamables mmto the model to
enhance its predictive accuracy.

5. Conclusion

This stody 15 forused on imvestigating the
electnical performance m order to examine the
correlation betwreen the amount of charge, the QCV,
the SOC, and the V, alongside the thermal
performance, which plays a prvotal role m the
application of lithium-ton batteries. To conduct a
comparatr-e analysis, three different types of hithium-
ion batteries were employed in this research The
results suggest that ithium-1on batteries demenstrate
a nonlinear correlation between the charge quantity
and OCV throughout the discharge cyele.
Furthermore, the S0C, OCV, and V, exhibit
consistent variations but mamifsst a nonlinear
connection from S0C 1.0 to 0.0. When considenng
Lthium-1on battanas with identical SOC levels, 1t 15
erident that LFP showeases a lower V, in comparison
to NMC and NCA, with NMC and NCA displaying
marginal distinetions. Mereover, the V, alteration for
LFP. as opposed to WMC and NCA, showecases a
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slower rate of vanation durmg equal discharge lavels.
Regarding thermal behaviour, the production of heat
15 observed throughout the discharge process, with
the heat generation rate for all three lithoum-iom
battery types following a similar trend: a higher heat
generation rate is noted when the SOC falls below 0.2
or surpasses 0.8 compared to other 50C levels.
Among the three types, NMC exhibits the nghest rate
of heat generation, followed by NCA and then LFP.
For the purpose of modeling, the research utilized the
PCDH test outcomes to approximate value of
parameters m the EECm constructed m MATLARB
Simvulimk. The parameter estimation function within
the software yielded rehiable forecasts of V, for 30C
values ranzing from 1.0 to 0.2, with an average error
of 0.004404 V for NMC, -0.0236 V for NCA, and -
0.07 V for LFP with 1.176%, 1.126% and 2.601%
raspactively.
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Efficiency and Control: Modelling and Validation of an Electric
Fan Bus Cooling System

A. Kosin Abstract:

A. Kostyanurak The cooling systems in the majority of passenger buses typically depend on
T. Sri-on mechanical or hydraulic cooling systems. These systems utilize the engine's
N. Pothi generated energy to function, leading to increased engine workload and higher
J. Srisertpol* : . % & i 5 -

Graduated Program in fuel consumption. However, an electric cooling system presents the advantage of
Mechatronic Engineering, School reducing the engine's workload and providing enhanced control. This paper
of Mechanical Engineering, focuses on modelling, validating, and presenting experimental results of an
Institute of Engineering, electric fan cooling system. Based on the accuracy assessment of the heat
Suranaree University of 3 ' . 3 R : 5
Technology, Nakhon exchange system's mathematical model studied in this research, the evaluation
Ratchasima, 30000, Thailand was conducted using the Root Mean Square Error (RMSE) of the mathematical

model's response compared to the actual system response obtained from
il st experiments. It was observed that the RMSE of the outlet air temperature is 0.50,
Accepted 3 March 2024 and the RMSE of the cooling water temperature at the water outlet is 0.21.
Therefore, it can be concluded that the estimated mathematical model is accurate
and closely approximates the real system. Additionally, it aims to utilize the
benefits of the mathematical model to design a control system specifically tailored
to the engine's operating conditions.

Keywords: Electric fan cooling system, Heat exchanger, MATLAB/Simulink

1. Introduction

Currently, electric vehicles (EVs) for mass transportation have gained significant attention in the automotive industry,
surpassing the production of internal combustion engine (ICE) vehicles [1]. This is because ICE engines require fossil
fuels as an energy source, resulting in energy losses through incomplete combustion (exhaust gas), leading to
environmental pollution [1, 2]. Additionally, energy losses occur from the cooling system and internal friction,
reducing the engine's overall efficiency to approximately 34-38% [3]. Consequently, automotive manufacturers have
been modifying the powertrain components from ICE engines to efficient electric motors, with lower maintenance
costs, to meet increasing consumer demands. The conventional cooling system of the engine consists of fans and
water pumps that require power from the engine to operate. These components work to drive air through the radiator
and circulate coolant within the system. As a result, the engine experiences an increased load for its operation.
Additionally, there is a thermostat valve that regulates the flow area of the coolant to adjust the flow rate and control
its temperature, contributing to increased engine load due to elevated pressure losses in the cooling circuit [4, 5].
Usually, such systems are designed to operate under the worst conditions, and they cannot maintain the higher
efficiency of the system. However, advancements have led to the introduction of electrically driven fans and water
pumps, providing the ability to dissipate heat from the engine based on its operating conditions. This approach has
resulted in reduced fuel consumption [4] and improved engine stability [6]. Researchers [6] have proposed utilizing

* Corresponding author: J. Srisertpol
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2 coaling system with elecoically driven water pumps and faps for a 1.4 liter engine. conirelling both components to
meet the conditions specified by the New Euwropean Dinving Cycle (WEDC). The smdy shons that using eleciric
pamps and fars can bead to 2 maximymm reduction in fosl consomption by 1. l'hajungm'ﬂadenasemhﬂim:arbm
mnd carbon monoxide gas emissions by 5.3% and §.1% [T]. respectively. Moreover. the stody suggests that employing
mmn elecircally drmven cooling system with vater pumps and fars can redoce poliotant emisssoms by 10%: and decease
fuel consumption by 3% [7]. The ability o conirel the operating conditons for maximm efficiency is achieved
through the design of a surable contrel system tailored to the engine's operation and mtemal components. Ressarchers
[5] present the use of a proportional and dervaive (PDV controd sysiem to regulate the cooling system's opemtion.
hiphlishtineg a potential reduction in fiel consompton by 1.5% for city drivine conditions. Similarly. another stady
[9] suspests the wse of a proportioeal and meegral (PT) comrod system for an ensine wilizng water punmps. fms. and
a three-wray valve to comtrol the coolant temperature under specified conditions, achieving satisfactory and accumane
resules. Ina.d:ﬁu'a:‘tammaﬂ:.:ﬁenchers [10] propose using a Model Predictive Conmol (MPC) system for a 1.2-
Liter engme's cooling system The smdy finds that the system can conirod the flow rate of coolmt. leading to a
reduction in powrer required to drive the mater pump. theveby improvimg overall efficiency.

The sysiem can also mainmm the coplant emperamre within desmed limits wumder varving operating conditions. As
mentioned above, the oilization of elecrically driven water pumps and fams in the cooling system comribuies o the
mgmesenhan:edcapah.hﬂesmdmpm‘edpa‘ﬁnmmm of mechanical aspects. operational stabdlity. and
a pateniial reduction i cost and fosl copsuEmpdion

This research smady mrvestizates and tests a mater and air-based beat dissipaton system. particularty the radiatar, to
assess the temperarure respomse of the radiator system. The datm cbmined is used wo estimare the parameters of the
radiator system in a mathemarical model. This mathematical model's resulis are comparsd and validated agminst the
achoal system’s responses 1o confinm that the mathemarical model of the beat exchange system wsing the radiaor is
accurate and sustable for fishare applications [9. 11-13]. This model can be effectively en:l;:{[r}'ed fior the desizn of a
mdiator cooling system controller that is both acoorate and suitable for fiumre apphcations.

1 Experimental Sefup

The expermenal equipment wilized my this research was sourced from the cooling wmit of an mtemal combustion
enFine passenger s from Cherdrhal Corporaton Co.. Lid. The aim vwas to iovestizate potential applicatons for
coaling elaomc passenger buses m the furre. Consaguently. the expermmental semrp for the passenper bus coolmz
experiment mas devisad with multple components. as illostrated in Fig. L. to replicate the heat dissipation process.
This seup mcorperates 3 hot 7ater bath eguipped with an elecric heater to simmlate heat generadon within the
system A PID comralleT-maraged engine ™ater puimp ensures A consistent water flow rate. The hot water penerated
#s directed into a radiator. where it transfers heat throngh tubes and fins to the incoming air. assisted by three fms.
To monitor and regulate temperatmss within the system. various sensors are emploved. Specifically, an NTC
thernmister sensor s used 1o measure the water's temperamre both as it enbers and exts the radiaror. while a E-trype
thermocouple sersor ganges the air's mperamge s if emters and exs the radiator. The primary ebjectve of this
sefup is to collect experimental daa enablmg the control of water fion rates. maintaining them at a Dnnshﬂleml
throughour testng. Te mamipulats the air flov rase. adjustments are made by altering fan speed or

et of fans n operation. In the testine phase, memmmﬁmnﬂtbmvambaﬂluarmmd‘ﬂwﬁﬂ'c{ﬁlﬂfmg
the operadng range of coolant (=mperamure in an ntemal combastion engine [9]). and the water pomp speed is
maintained at 200 rpm. vith a constant vater flowr @te of .45 kefs. Four distinct cases are tested: Case 1. three fans
are actvaed at £5% speed. nomming at 2500 rpm. Case 2, three faps are active at 0% speed. operatins at 1680 mpm
Case 3 mvalves activatme mo fms at 85% speed. Case 4 feanmes o fans operating ar 60%: spead.

These cases aim to observe the system's response to temperanmre changes m hoth the mater and air mlet and outlet.

The chinmed expermmenial valoes will be compared to soulanon da@ generated nsine MATLABSSinmbink This
comparizon ™ill serve to validate the Simulink model agamst real-vorld expermental resubs.
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Fig. 1. The expenmenial saiup.
3. Mathematic Model

The stdy explores the themodynamic characteristics of @ beat exchanee system wiilizimg water and air within the
madiator svstem of an internal combustion engine. In this research. mathemarical modsls based on the erzy halance
within the radiator sysiem. acooumimg for both the coolant water and the cooling am. are examined wsing Equations
I and 2. The mass flow rates of both types of Sens are presumed to vary under experimenial conditicns, inflencing
the alieration in the system's heat exchange mis represenied by the tem Q.. as presemied in Eguation 3. The
mrvestization centers om the crossflorr heat exchange apparatus in the radiator. comsidering the comection factor (F)
that affects the heat exchange rate of the system. - This leads to variations i the heat tramsfer coefficient in response
to the heat exchange operaton of the system. assessable fom Equations 4 and 5. These equations are employed to
estimate the femperanmre difference betvreen the coplant water and the cooling air at the systerns inlet and outlet
pasizens. Moreover., the o e of the system flow s an addidonal vamiable mmpacing the ohserved heat exchange
rate. a5 Mdicated i Equations 6. 7. and &. Equation 9 i5 employed to estimate the Prandt] mumber. and the entire sat
of equations mentiomed above is applied for the pathematical model approximaton and the smdy of the
thermodynamic behavier of the heat exchanee system The mass flon mate, inlet tenmeranre. and ambiant ir
mﬂamnecmﬂﬂnﬂp@lﬁﬂlﬁ.vﬂeﬁemw of the coolant water and the
coaling air from the radiator ave regardsd as dependent vaniables. as shorn belowr,

Hear balance on cooling water side
‘l'.F_ e e

Deme T,-0 -mc T+mc T ()
s=mc, T,-0 ~mc T+mc, T

Heat balance on copling air side

dl
pil'i".“':m -ﬂ- _m-rr,l,-ru-i Q— mﬂrc_r,ufu'l'm.,-'cyrr_ m
beat enchangs rate
O, =LHAT, o F (3
The cverall heai trapsfer coefficient ()
1. L1
L—F+E+h— ('I':l

] L]
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Log mean temperamure difference
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Nuszelt mumber for Turbulent comelation
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4 Experimental and Simulation Results
4.1 Srarnc Performance
Table 1: Besult of parmmetsr estimation.
fam pump maass flow rate (kef's)
CASEBO. o Eem conditism s or M. M. M oo Mo i

1 3-85% 800 pm 043 1B 14042 B20L 0067 1o

2 3-60fa 800 pm 043 195 13458 B4AT2 s 0275

3 1-85% 800 pm 04s 1492 13031 7208 0038 0287

= 1-60%a 200 pm 043 1.3 12368 4 L02E 0258

The provided equation (1, ) serves as the basis for constmacting 3 mathematical model that encompasses several key
pamameters, including Parameter Estmator. M., Mo, Mo s 808 Mo e, 800055 four distinet cases. When
examiming M,. Mo, My mo. it becomes evident that Jower airflon rates 1esult in a corresponding decrease in the
values of these parametsrs. This trend can he anributed to the Toles played by M (representing the mass of water
respomstble for beat transfer) and M, (representing the mass of ar commbutme o heat wamsfer) M, i denotes
the mass of mater that remains within the pipeline. As the aiflon e decreases. the available air mass for heat
exchanpe dminiches. conssquenty leading to redored vales for My, M, My e On the ofber hand, an imverss
relatienship &5 observed with Maws one (FEpresent the ambient air at the outlet of he radiaies 25 indaced by the fan.)
m relarien o airflon rate. As the airflow rate mereases. Mo o dimimiches. This phenomenon arises dise to the fact
thait it airflom Tates kot the fin's intake of ambéent air that has not accumalated heat I essence, elevated airflom
martes reduce the fan's capacity to drawr in cooler ambient air. As aresult. the Mooy’ me valne decreases. Comvarsaly.
lowrer airflow rates prompd the fan to-miake a larger mass of ar fom the enviromment. which possesses less
accurmuilated beat, leadimg to am mcrease i e Mo . valoe. This cam be observed in Takble 1.

The anflow mate plays a pivomal role in mfluenring the behmvior of these parameters withn the rathematical modal
Lower airfiow raees tend to decrease the vales of M, M, My peam while increasing the vahee of Mo oo

4 Vabume 13(7). 2024 1. Res. Appl. Mech. Eng.
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Comrersely. hipher airflon mites exem the opposite effert on these paramerers. This ohservation undsrscores the
aucial rale of airfiow rate m shapine the dymamics of beat ransfer mder imestizaton

Table 2: Sieady state response. water mass flow s 0452 l:E.fsaTSIH}IpmpmnpmmiJmn

AIr mass Water

o (ke=is) T miL) T out (L) T ] 'l ot [ L) QW) Afnr)
1E8 T115 G40 3547 2412 14147 217
185 7285 354 3364 456 1537344 i
Laz 8317 T5.3 3520 47.38 1322817 135
13 8339 T3 3454 47.83 a0zsle 1.77

From the Table 2, demensmates a clear relarionship bermeen hear mansfer area (A) and amflon rare. revealing a direct
oorelation. This conmection arises becaunse higher airflow rates result in greater temperatmre differemces (AT,
consequently leading to hisher ) valoes. This relatonship is mathsmatically represented by the beat transfer mie
equaiton. From Fiz. 1 that the beat tapsfer area is nof uniformly dismibuted acess the entre ooss-secian of the
radiator.

Case | boastng an aimflow rate of 2 58 k=/s and the operadon of all thres fans ar 83 % povrer, exhibits the largest heat
mansfer area. measuring 4.2 o', Cooversely, Case 4. with an airflow rate of 1.3 kg'fs and the actvation of both fans
at §0F pover. demoersiates the smallest heat tansfor area of 1.77 m”. Cases 2 and 3. "'iﬂlajrﬂlzrwme-iufl_'ﬂikal's
and 1 92 k=fs respactively, exhibit slighdy different airflow rates, resalting in distinct heat ransfor areas of 323 m?
and 2.36 . respectively. This divergence can be atiributed to the mamber of fans in operation. Case 2 employs thres
fims at 5% fim power, while Case 3 wilizes only to fans at 60% fan power. Despite their similar sirflow mes, te
presence of additdenal fars in Case 2 allows for more efficient beat exchange. leadmp to noticeable differences in
beat tramsfer area.

Table 3: Experimenial and modelling comparms.

% J-Iass.ﬂn'nte Water onilet Air outlet temperaiure Heat exchange raie
Water  Adr L‘i Emp. 5m. WEmm . Sim. ST
IS LEE 63 0o, s 'IH-4 2411 431D IA0  RTRsT II6l433 A5%

042 195 ISi“_'H- G540 011 4360 4088 1009 [=07000 1432028 191
045 193 7630 TAIT QT 4753 4237 10M 1335127 349531 184
043 130 TE63 TE4S 0325 4783 4101 1217 o025 935600 382

e w1

The Table 3 was wilized to compare the experimental and modelling values, assessmg the accuracy of the oeated
model. The mater outlet temperanre. with a Tater mass fow rate of 045 kefs and an a0r mass fow e of 2.58 kefs,
exhibited the highest emer vahne at 0.44%. In comtrast. the lowest emor vatie of 0.17% was ohserved ar a water mass
flowr rate of .45 k' and am air mass flow mie of 1.92 ke, Regarding the air cuilst femperaime. e highest emor
value. 12.17%, was recorded at a 7aier mass flom @ie of 0.45 kefs and a ar mass fowr mie of 1.30 ke's. Comversaly,
the lowest error vahe of 1. 26%: was regisered at a vater mass flom rate af (.45 kefs mmd an airmass floer me of 2 88

ks,

In terms of the heat exchange Taie. the preatest emor value of 3.82% was observed at @ water mass flow raie of 043
ks md an ar mass o e of 1 30 kzfs. while the lowest emor valoe, 1.54% was noted a 2 water mass flom rae
of 0.45 kef's and an air mass flow rae of 1.92 kefs. These comparssons provide msighrs imo the modsl's acouracy
arTess vanons conditions amd hiphlight areas where adjostments or iImprovements may be neaded.

From the experimenial the temperatmre changes in the heat exchange sysiem whils conirolline the water punp speed
at a comsiant 1evel af 200 rpm (constant water fior mie) md adjustng the airflow rade by conirelling the operation
of the system's fans ar four differenr levels: 285 kefs (Case 1: Tum oo all fams ar B5%), 105 kefs (Case 2: Tum on
all fans at 60%:). 197 kefs (Case 3: Tumon fm Mo, 1 & 2 at 85%) and 130 kefs (Case 4 Tirn on fin Mo, 1 & 2 at
§0%:). 1 smady the resulis of the hearenchamse sysiEm response for the adiaror eqmapment. The resolrs shown by the
chanzes m the inlet water temperanme (Tw1), outlet vater tanperamre (Too). inlet am temperature (Tai). amd outlet
air femperarmre (Taa) as displayed in Fig. 3.

T.Res. Appl Mech Eng. 2024, Volume 1202 5
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Fig 2 The ourlet iemperanmre of cosling air and coolinz vanar ja) Case 1 Tum Cm all fan ar 85 %5 (b) Case 2: Tum
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Fiz. 3. The dypamic bebarior of heat exchange rate.

From the test resuln., the temperamre response parameters for the system are as follows: remperanme difference of
water (4iff T,). emperanme difference of ar (& T,) setilmp time doration (T,). These paramsters represent the
temperaiure diferences beivesn various points I the sysi=m and the mme if fkes for the syst=m to reach a st=ady-
stame comdirion. The vabaes for these parameters are presented in Table 4.

Addinopally. based on the parameters obiained from the testimz. we can calculate and present the dynamic heat
mamsfar Taie of the beat exchange system as follows. dynamic heat mapsfer rade Fig. 3. These calculations and daia
will provide imsights mro bow the heat wansfer rate changes over Gme i the bear exchanze sysem

Table 4: The heat transfer rate and setflng tme of dynamécs response of cooling system

condition 2ir mass e rate settling increasing rate of heat Heat transfer rate
(lezis) time (5) transier (Wis) Wy
Caze [ THE o5l 73T )R
Caza 2 195 855 15261 1373494
Case 3 1492 586 14185 132386
Case 4 1.30 202 97.38 L4401
4 T Thmemic Performance and Simulanion Raslc
& k1) - |
= A5
§
Em
: 35 ——Tawersp ——Tae-sim
< ‘ ) ]
[} ] 40 &0 B0 100 120 140 180
Tame (5)
M
E —Troeap = Tro-sm
i
|
£
£
g m - ¢ o
o o 40 &0 0 1 1% 14D 160

Tima (3}
Fig 4_The compare of outlet temperaire between simmiation and experimental
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The Fig 4 presented in the upper frame of the fizre ilhestrates the behavior of the matlet air femperamre chmmed
from experiments, shown as a solid ine. m conunoion with the tempemture vakes predicted by the mathenancal
mide] of the system. represented by a dashed line. Both sets of data reveal that the outlet air tempeTaiure Doreases
rapidly in the miral phase of system operation and swhilizes around the 0-second mark. Addidonally, the vaknes
obiamed from the model closely maich the mmperimenial resulfs. demonsiraing an accepiable level of acomacy. In
the lower frame. the behavier of the cooling water emperanme ar the waer ourlst of the radiator is presenred. The
solid bne represents the dam obtamed from experiments. while the dashed line represents the results fom the
mathematcal model The data indicaies that the cooling water tempemmre remains relatively copstant durme te
early moments of system operation and darreases as it approaches the 10-second mark Afier that it sbilizes and
remains relatvely constant umil aromnd the 80-secomd mark This information highliphts that both temperahmre
chanzes. for air and coaling water, oo rapidly during the initial phase of sysem operaden and then smbikize, with
seifling times within accepiable limits. The sinmlafion results ebtaimad from the mathematical medel for a coolms
water flow mte of 0.425 ks and an airflow rate of 1.3 keis. The BMSE of the ouflet air temperature is 0,50, and the
EMSE of the cooling wrater temperanme ar the water autlet is 0.21, appear to closely march the experimental data.
further validating the model's reliability for the coolmg system nsing water.
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Fig_ 5. The system performance with dynamic op=ration
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Fig. 5. (continsed) The system performance with dynamic operaton

InFiz. 5. the resulis of testng the dymamic behavior of the beai dissipation sysiem are presenied under steady-siate
conditons, where the coolmg waer fovw mie is kept consant by seming the punp's rotatonal spesd to BO0 rpm
Waier &5 supplied at a flor rate of 0425 kefs, and the mlet wafer femperanme i set at B0°C. At the 30 5., three fams
are activaied to dissipate air. with fan speed confrolled at 60%: of the maximim rotational speed. This results in an
airflon rate of 1.95 koafs. Af the 650 5., the system's operation is altersd by reducns the munber of fans o o and
mTexsing their recaonal speed to 55%: of the maximmmm. This leads to an airflow race of 1.92 kogfs. Ar 800 s.. the fan
speed of the two remaming fans is furiber redoced to 60%: of the magimmm. resulimg in an airflow me of 1.3 kafs.
The systen’s response indicates that when the fans smrt operating. there is a delay in the temperanme respomse of both
the air and the cooling vater. This delay time i hizhar for the cooling water compared to the air. Additionally, & is
ohsarved that as the airflon e decreases. the afr Emperanme response morexses. In conmast the airflow rame
decreases when the ouilef ar temperanoe inmeases. These obseTvabons are evident af the 650 5. and 8090 s
Furthermore. it is noted thar the cpoling water emperanre rasponds with an miTease in femperanTe as the airflow
mate decreases. md It exhibits an opposite behaviar when the airflov: ate is mereased These cbseTvaboms are
paricularly evident at the G50 5. and 500 . In summary, the temperamre response of the air and the cooling water n
the beai dissipation system exhibits delay fimes. and changes influence these responses m the amflow mies. The
relarionship bermeen the airflow rate and emperanme esponse 5 complex. It i evidant in the test results at vamons
me misrvals.

5. Conchrsion

This research ams to sindy the dymamic behavior of beat dissipatdon m an miemal combastion enzme to apply | o
the coaling system of vehicles. The results indicate that e heat ransfer capability & direcily influsnced by the fiow
rate of cooling water and the airflov: through the radiaior. as mell as the empeanme of the exiting coolme waier.
which varies with the arfiew rate. It is noted that in order fo achieve lower cooling water emperares. if is Becessary
1o increase the airflow mate through the radiator. Furthermare. the stody reveals that the acual beat exchimze area is
affected by airflow rate in an imversaly propenional mammer. The coolng system's performeamce is infmenced iy the
suTmmims epvironmeni, a5 indicated by the daia m Table 2 which shevs dinvmishing effects as airflow mies
moexse. Additosally, the mass of water and afr impacts the cooling waier's thermal behavior, which varies with
their respectve flow mies. The air exbobars clear and distmct chanees n bebavior.
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s python d1udutiamn XGBOOST

import pandas as pd
import numpy as np
import optuna

import xgboost as xgb

import matplotlib.pyplot as plt

from sklearn.model_selection import train_test split

from sklearn.metrics import mean_squared_error, mean_absolute_error, r2_score

from sklearn.preprocessing import StandardScaler

from math import sqrt

# Load dataset from local CSV

df = pd.read_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy for_mat\32141 4S2P testing\resulats_analysis\pulse charge\prepro_data\SOC|_es datapretrain.csv")
X = df.iloc[;,0:15]

y = dfiloc[;,15]

# Splite data
X_train, X_test, y_train, y_test = train_test_split(X, y, test_size=0.2, random_state=42)

# === 3. Feature Scaling ===

#scaler = StandardScaler()

#X_train = scalerfit_transform(X_train_raw)

#X_test = scalerfit_transform(X_test raw)

#X

# === 4. Define Optuna objective with full structural tuning ===

def objective(trial):

params = {

'n_estimators": trial.suggest_int('n_estimators', 800, 1000),
'max_depth": trial.suggest int(max_depth', 20, 30),
'learning_rate": trial.suggest_float('learning_rate’, 0.01, 0.3),
'subsample”: trial.suggest float('subsample', 0.5, 1.0),
‘colsample_bytree': trial.suggest float('colsample bytree', 0.5, 1.0),

'samma”: trial.suggest float('samma’, 0, 5),

'reg_alpha' trial.suggest float('reg_alpha', 0.0, 1.0),

'reg_lambda": trial.suggest float('reg_lambda', 0.0, 1.0),

'min_child_weight": trial.suggest _int('min_child_weight', 1, 10)

model = xgb.XGBRegressor(**params, random_state=42, verbosity=0)
modelfit(X_train, y_train)

preds = model.predict(X_train)

rmse = sgrt(mean_squared_error(y_train,preds)) #np.mean((y_train-preds)**2)

return rmse
# === 5. Run Optuna ===
study = optuna.create_study(direction="minimize’)

study.optimize(objective, n_trials=100)

print("\n=== Best Hyperparameters ===")
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for key, value in study.best_params.items():
print(f'(Guo et al.): (Du et al.)")
# === 6. Train final model ===
best_params = study.best_params
final_model = xgb.XGBRegressor(**best_params, random_state=42)

final_model.fit(X_train, y_train)

Hsave
model_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy for_mat\32141 4S2P_testing\resulats_analysis\pulse_charge\pre_trained_model\SOCI_est\SOCI_est_model.xgb"

final_model.save model(model path)

# === 7. Evaluate on train set ===

y_pred1 = final_model.predict(X_train)

rmsel = sqrt(mean_squared _error(y train, y pred1))
mael = mean_absolute_error(y train, y predl)

r21 = r2_scorely train, y_pred1)

print("\n=== train Set Performance ===")
print(f'RMSE: {rmse1:.4f}")

print(f"MAE: {mael:.41}")

print(f'R?:  {r21:.4f}")

import pandas as pd

comparison_df = pd.DataFrame({"True Initial SOC": y_train.values, "Predicted Initial SOC": y_pred1})
print("\nTrue vs. Predicted Initial SOC:")

print(comparison_df)

# === 8. Visualization ===
plt.figure(figsize=(12, 9))

plt.scatter(y _train, y_pred1, alpha=0.7, label="Predicted (train data)", s=80)
plt.plot([0, 1], [0, 1], ', label="Ideal")
plt.xtabel("True Initial SOC", fontsize=22)
plt.ylabel("Predicted Initial SOC", fontsize=22)
#plt.title("Prediction vs. True Initial SOC")
plt.xticks(fontsize=22)

plt.yticks(fontsize=22)

plt.grid(True)

plt.tight layout()

plt.legend(fontsize=22)

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\charging_power\SOCI_es_train.png"
plt.savefig(plot_path, dpi=330, bbox_inches="tight)

plt.show()

# === 7. Evaluate on test set ===

y_pred3 = final_model.predict(X_test)



rmse3 = sqrt(mean_squared_error(y _test, y pred3))
mae3 = mean_absolute_error(y _test, y pred3)

r23 = r2_score(y_test, y_pred3)

print("\n=== Test Set Performance ===")

print(f'/RMSE: {rmse3:.4f}")

print(f"MAE: {mae3:.4f}")
(

print(f'Rz:  {r23:.4f}")

import pandas as pd

comparison_df = pd.DataFrame({"True Initial SOC": y_test.values, "Predicted Initial SOC": y_pred3})

print("\nTrue vs. Predicted Initial SOC:")

print(comparison_df)

# === 8. Visualization ===

plt.figure(figsize=(12, 9))

plt.scatter(y test,y pred3, alpha=0.7, label="Predicted (test data)", s=80)

plt.plot([0, 1], [0, 1], ', label="Ideal")
plt.xlabel("True Initial SOC", fontsize=22)
plt.ylabel("Predicted Initial SOC", fontsize=22)
#plt.title("Prediction vs. True Initial SOC")
plt.xticks(fontsize=22)

plt.yticks(fontsize=22)

plt.grid(True)

plt.tight layout()

plt.legend(fontsize=22)

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG analy_for_mat\32141 4S2P_testing\resulats_analysis\pulse_ charge\figure\charging_ power\SOC|_es_test.png"

plt.savefig(plot_path, dpi=330, bbox_inches="tight')
plt.show()

# === 7. Evaluate on unseen set ===

# Load dataset from local CSV

df = pd.read_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy for mat\32141 4S2P testing\resulats_analysis\pulse charge\prepro _data\SOCI_es unseendata.csv")

Xuns = df.iloc[;,0:15]
yuns = df.ilocl[;,15]

pred2 = final_model.predict(Xuns)
rmse2 = sqrt(mean_squared_error(yuns, pred2))
mae2 = mean_absolute_error(yuns, pred2)

r22 = r2_score(yuns, pred2)

print("\n=== unseen Set Performance ===")

print(f'RMSE: {rmse2:.4f}")
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print(f"MAE: {mae2:.4f}")
print(f'R?:  {r22:.4f}")

import pandas as pd

comparison_df = pd.DataFrame({"True Initial SOC": yuns.values, "Predicted Initial SOC": pred2})
print("\nTrue vs. Predicted Initial SOC:")

print(comparison_df)

# === 8. Visualization ===
plt.figure(figsize=(12, 9))

plt.scatter(yuns, pred2, alpha=0.7, label="Predicted (unseen data)", s=80)
plt.plot([0, 1], [0, 1], ', label="Ideal")
plt.xtabel("True Initial SOC", fontsize=22)
plt.ylabel("Predicted Initial SOC", fontsize=22)
#plt.title("Prediction vs. True Initial SOC")
plt.xticks(fontsize=22)

plt.yticks(fontsize=22)

plt.grid(True)

plt.tight layout()

plt.legend(fontsize=22)

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy_for_mat\32141 4S2P_testing\resulats analysis\pulse charge\figure\charging_power\SOC|_es_unseen.png"
plt.savefig(plot_path, dpi=330, bbox_inches="tight)

plt.show()

# === 8. Feature Importance using F-score ===

all_features = X_train.columns # Or however you get your feature list

importances = final_model.get_booster().get_score(importance_type='weight')

# Fill in zero importance for features not returned by get score()

full_importances = {f: importances.get(f, 0) for f in all_features}

importance_df = pd.DataFrame(list(full_importances.items()), columns=["Feature', 'F_score'])
importance_df['F score'] = importance df['F_score'l.astype(int)

importance_df = importance df.sort_values(by="F_score', ascending=False)

# Print top features
#print("\n=== Feature Importance (F-score) ===")

#print(importance_df)
importance_dff'F_score'] = importance_df['F_score’l.astype(float).round(2)

print("\n=== Feature Importance (F-score) ===")

print(importance_df)

#plt.figure(figsize=(max(14, len(importance_df)), 9)) # Wide enough for 15 features
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plt.figure(figsize=(12, 9)) # Wide enough for all features
plt.bar(importance_df['Feature'l, importance df[F_score')
#plt.xlabel("Feature", fontsize=16)

plt.ylabel("F Score", fontsize=22)

plt.xticks(fontsize=22, rotation=90)

plt.yticks(fontsize=22)

plt.grid(axis="y")

plt.tight layout()

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\charging_powen\SOCI_es_f1.png"
plt.savefig(plot_path, dpi=330, bbox_inches="tight)

plt.show()
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import numpy as np
import pandas as pd
import matplotlib.pyplot as plt

#read data from csv for core pack

dfl = pd.read_csv(r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\prepro_data\G_NG_decision_conf10.csv")
V_confl = dfl.iloc[:,5]

#P_confl = dfl.iloc[:,5]

#read data from csv for comparison

df = pd.read_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy for_mat\32141 4S2P testing\resulats_analysis\pulse_ charge\prepro_data\datagenSOC00.csv")

V_conf = df.iloc[:,1]

#P_conf = df.iloc[:,5]

time = dftl.iloc[:,0]

#plot show

plt.figure(figsize=(8, 6))

plt.scatter(time, V_confl, alpha=0.7, label='(Reference), color='green’)
plt.scatter(time, V_conf, alpha=0.7, label=(Comparison)', color="blue)
#plt.ylabel("Predicted Initial SOC")

#plt.title("Prediction vs. True Initial SOC")

plt.ylabel(x)

plt.xlabel('index’)

plt.legend()

plt.grid(True)

plt.tight layout()

#=== Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG analy for_mat\32141 4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\raw\dataSOC00-1.png"
plt.savefig(plot_path, dpi=330, bbox_inches='tight)

plt.show()

x1 = np.transpose(V_conf1)

x2 = np.transpose(V_conf)

# === STEP 1: Compute Derivatives ===
dx1 = np.diff(x1)
dx2 = np.diff(x2)

# Plot the derivative curves dx1 and dx2

plt.figure(figsize=(8, 6))

plt.plot(np.arange(len(dx1)), dx1, 'o-, label='dx1 (Reference), color='green’)
plt.plot(np.arange(len(dx2)), dx2, 'o-, label='dx2 (Comparison)', color="blue’)
#plt.title("First Derivative Comparison")

plt.xtabel("Index")

plt.ylabel("(Ax)")

plt.legend()
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plt.grid(True)

plt.tight_layout()

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\normalized\dataSOC00-1.png"
plt.savefig(plot_path, dpi=330, bbox_inches="tight))

plt.show()

# === STEP 2: Initialize Cost and Distance Matrices ===
n, m = len(dx1), len(dx2)

cost_matrix = np.zeros((n, m))

distance_matrix = np.full(n+1, m+1), np.inf)

distance_matrix[0, 0] = 0

# === STEP 3: Fill Cost and Distance Matrices ===
for i in range(1, n+1):
for jin range(1, m+1):
cost = (dx1[i-1] - dx2[j-1])**2
cost_matrix[i-1, j-1] = cost
distance_matrix(i, j] = cost + min(
distance_matrix[i-1, jl,
distance _matrix[i, j-11,

distance_matrix[i-1, j-1]

# === STEP 4: Extract Warping Path ===
,j=nm
path =[G, j)]
whilei>0andj > 0:
directions = [(-1, }), (i, j-1), (-1, j-1)]
costs = [distance_matrix[r, c] for r, c in directions]
i, j = directions[np.argmin(costs)]
path.append((i, j))
path = path[::-1]

# === STEP 5: Show and Save Matrices ===

cost_df = pd.DataFrame(cost_matrix)

dist_df = pd.DataFrame(distance_matrix[1:, 1:])
# Print to console
#print("\n=== DTW Cost Matrix ===")

#print(cost_df)

#print("\n=== DTW Cumulative Distance Matrix ===")
#print(dist_df)

# Save to CSV files
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cost_df.to_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\distance_matrix\dataSOC00-
1 _cost_matrix.csv', index=False)

dist_df.to_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\distance_matrix\dataSOC00-

1 distance_matrix.csv', index=False)

# (1) Distance Matrix Heatmap with Warping Path

#figl, ax1 = plt.subplots(figsize=(8, 6))

#axl.imshow(distance matrix[1:, 1:], cnap='gray’, origin="lower’)
#pi, pj = zip(*((i-1, j-1) for i, j in path if i > 0 and j > 0])
#ax1.plot(pj, pi, color="cyan, linewidth=2)

#axl.set_title("DTW Path on Distance Matrix")
#axl.set_xlabel('}")

#axl.set_ylabel('i")

#plt.tight_layout()

#plt.show()

# (2) Derivative Line Plot with Warping Lines
fig2, ax2 = plt.subplots(figsize=(8, 6))
x_dx1 = np.arange(len(dx1))
x_dx2 = np.arange(len(dx2))
ax2.plot(x_dx1, dx1 + 50, 'o-, color='"green’, label='dx1 (Reference))
ax2.plot(x_dx2, dx2 - 50, 'o-, color="blue', label='dx2 (Comparison)’
for (i, j) in path:

if i < len(dx1) and j < len(dx2):

ax2.plot([x_dx1fi], x_dx2[jl], [dx1[i]+50, dx2[j]-50], color="gray’, linewidth=1)

ax2.legend()

plt.tight layout()

# === Save plot ===

plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy _for_mat\32141 4S2P_testing\resulats analysis\pulse_ charge\figure\DTW\derivative\Warping_line\dataSOCO00-
1.png"

plt.savefig(plot_path, dpi=330, bbox_inches="tight)

plt.show()

alignment_cost = distance_matrix[n, m]
normalized_cost = alignment_cost / len(path)

print(f"Alignment cost: {alignment_cost:.4f\nNormalized cost: {normalized_cost:.4f}")

print(f'path: {len(path)}")
path

figl, ax1 = plt.subplots(figsize=(6, 5))

vmax_value = np.max(distance_matrix[10:, 10:])



cax = axl.imshow(distance_matrix[1:, 1:], cmap="binary', origin="lower', vmax=vmax_value)
pi, pj = zip(*[(-1, j-1) for i, j in path if i > 0 and j > 0])

ax1.plot(pj, pi, color="magenta’, linewidth=3)

# Add colorbar for interpretation
figl.colorbar(cax, ax=ax1, label='Cumulative Cost')
#ax1.set_title("DTW Path on Distance Matrix (Hot = Higher Cost)")

axl.set xlabel('j")
axl.set_ylabel("")

plt.tight layout()
# === Save plot ===
plot_path = r"E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy_for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\path\dataSOC00-1.png"

plt.savefig(plot_path, dpi=330, bbox_inches="tight")
plt.show()

# Count how many (i, j) pairs in the DTW path satisfy i == j

diagonal_matches = sum(1 for i, j in path if i == ))

# Define scoring
total_score = len(dx1)
match_score = diagonal _matches

percentage score = (match_score / total_score) * 100

# Display results

print("=== DTW Diagonal Match Scoring ===")

print(f"Exact diagonal matches (i == j): {match_score}")

print(f'Total score (max = {total_score}): {match_score} / {total score}")

print(f'Percentage similarity score: {percentage_score:.2f}%")

# Collect results in a DataFrame
score_summary = pd.DataFrame({
'Metric": [Exact Matches', Total Score', 'Percentage Similarity'],

'Value': [match_score, total_score, f'{percentage_score:.2f}%"]

# Save score summary to CSV

score_summary.to_csv(r'E:\My studies\Research work\Thesis\Experimental\experimental

results\LFP_CHG analy for mat\32141 4S2P_testing\resulats _analysis\pulse charge\figure\DTW\derivative\path\dataSOC00-

1 score_summary.csv', index=False)

# === Matching Indices where i == j ===

equal_pairs = [(i, j) for i, j in path if i == j]
print("=== Matching Indices where i == j ===")
for i, j in equal_pairs:

print(f'i = {i}, j = (Abdulrasool Hasan et al.)")

# Save matching index pairs to CSV
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W

equal_pairs_df = pd.DataFrame(equal_pairs, columns=["1", j"])
equal_pairs_df.to_csv(rE:\My studies\Research work\Thesis\Experimental\experimental
results\LFP_CHG_analy for_mat\32141_4S2P_testing\resulats_analysis\pulse_charge\figure\DTW\derivative\path\dataSOC00-

1_equal_index.csv', index=False)

YAAE Matlab m-file @m5un1sUTIUAIRILUSAI8TENT genetic algorithm

9

%use for estimating the correlation factor of SOC and Rs from the experimental results

clear all; clg; close all;

%%

% Define the observed data points

%x_data = [0, 0.097, 0.195, 0.292, 0.389, 0.486, 0.584, 0.681, 0.778, 0.875, 973, 1];

%y data = [2.9592, 3.227, 3.2691, 3.3017, 3.3064, 3.3075, 3.3101, 3.3322, 3.3396, 3.3405, 3.3471];
load('Vrc_SOC_exper result0001.mat');

%%

% Define the objective function to minimize

%objectiveFunction = @(params) sum(Vrc-tsim(tf(params(1), [params(1)*params(2), 11), 1, t).A2) / length(l);
objectiveFunction = @(params) sum((Vrc - lsim(tf(params(1)*params(2), [params(1)*params(3), 11), I, t).A2, ‘all') / numel(l);
%TF=R/(RCS+1)

%%

% Number of variables

numVariables = 3; % Number of parameters

%%

% Set bounds for the parameters

lb = [0.01, 0, 1000]; % Lower bounds

ub = [0.015, inf, inf]; % Upper bounds

%%

% Load initial population from MAT-file

%initialPopulation = zeros(50, 5);

load(initial_population_VrcSOC.mat);

%initialPopulation=intitial_population; % Load 'initialPopulation" variable from MAT-file

%%

% User-selected Best MSE threshold for stopping

userBestMSE = 0.0000001; % Threshold for best MSE

% Set the options for the GA

options = optimoptions('ga’, ...

'PopulationSize', 50, ... % Size of the population

'MaxGenerations', 10000, ... % Maximum number of generations

EliteCount,, 2, ... % Number of elite individuals to retain

'CrossoverFraction’, 0.8, ... % Fraction of population involved in crossover

'SelectionFcn', @selectionroulette, ... % Selection method

'CrossoverFcn', @crossoversinglepoint, ... % Crossover method

'MutationFcn', @mutationadaptfeasible, ... % Mutation method

'FunctionTolerance', 0.0001, ... % Disable stopping based on average change in fitness value
'MaxStallGenerations', 5000, ... % Disable stopping based on stall generations

'InitialPopulationMatrix, initial_population RsSOC, ... % Use the loaded initial population

'PlotFen', {@gaplotbestf, @gaplotstopping}, ... % Plot best fitness and stopping criteria

'Display’, 'iter, ... % Display output at each iteration

'OutputFen', @(options, state, flag) customOutputFcn(options, state, flag, userBestMSE)); % Custom output function
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% Run the genetic algorithm

[bestParams, bestMSE] = ga(objectiveFunction, numVariables, [1, [, [I, [, (b, ub, [], options);

% Display the results

fprintf('Best Parameters: R= %.6f, DCgain = %.6f, C =%.6f\n’, bestParams(1), bestParams(2), bestParams(3));
fprintf('Best MSE: %.8f\n', bestMSE);

%%

% Plot the original data and the fitted curve

y_fit= tf(bestParams(1)*bestParams(2), [bestParams(1)*bestParams(3), 11);

y_simulated = lsim(y fit, I, 1); % Use same input | and time t used during fitting

figure;

plot(SOC, Vrc, 'ro', 'MarkerSize', 10, 'LineWidth', 2); % Experimental data
hold on;

plot(SOC, y_simulated, 'b-', 'LineWidth', 2); % Fitted model output

legend(Experimental Data', 'Fitted Curve’);

xlabel('SOC);

ylabel('Vrc (V));

title('Vrc (time constant) and SOC using Genetic Algorithm));

grid on;

figure;

plot(t, Vrc, 'ro', 'MarkerSize', 10, 'LineWidth', 2); % Experimental data
hold on;

plot(t, y_simulated, 'b-, 'LineWidth', 2); % Fitted model output

legend(Experimental Data', 'Fitted Curve’);

xlabel('Time (s));

ylabel('Vrc (V));

title('Vrc (time constant) and SOC using Genetic Algorithm));

grid on;

%%

% Custom output function to check stop criteria based on Best MSE only

function [state, options, optchanged] = customOutputFcn(options, state, flag, userBestMSE)
optchanged = false;

bestMSE = min(state.Score); % Get the best MSE (fitness value) of the current generation

switch flag

case 'init’
disp('Starting GA...");

case 'iter'
fprintf('Generation %d:\n', state.Generation);
disp('Population:);
disp(state.Population);
fprintf('Best MSE: %.6f\n', bestMSE);

% Stop if the Best MSE is below the user-selected threshold

if bestMSE < userBestMSE
fprintf('Stopping criteria met: Best MSE < %.6f\n', userBestMSE);
state.StopFlag = sprintf('Best MSE < %.6f', userBestMSE);



158

eeeeeeeeee




UseIRgUeu

wpdisnssus aideu indetuil 15 Woutuseu U w2531 Fudrdnundu
UszufnuilsaFounidusfinerds Swianndug dulfseufinuil 1 - 6 lsudoueuga
w13 Jarianmdug uavdnsanisAinunszauuSyydmnssumansiaudin a1v13yimnIsy
9InAY W Anedemaluladgsun’ Sawiauassedin ed wa.2550 ndaduia
nsfnwlauszneve1dnisinssuaiuadluniaenyy dmunudmnsuseiununin usem
Inguinaalou 911n (ssunuea) Jminasyys U w.e. 2555 yiarulusiundaiami
Nugeniizaaslasinis U3em nesalalasw d1idn dwmdauassvdun uazdusanisfine
seAuUTeyln el e, 2560 @13 y13mnssaas eena WIng1dewmaluladygsuis
Jar¥aunssadun devdeineiinus mssenuuuuaznagnsnsmuauBaiuildfusiuty
nevimnubuduundsisanufou vdsdnsanisAnwldufoRnulusumidamng qud
A3 osfleinemansuazmalulad unidnerdomaluladasuns ud wa. 2564 la3y
NuMIANIMNUMTINedewmaluladgsuns iiin@nwseaudsyaenluaiviivnieinssy

wanmsetind lngluseninanmsfinwladnaanumddving sieazdenusinglunianun n



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Reference
	Appendix
	Biography



