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NATTHAWUT SOMPHONG : ELECTRICAL TAB DESIGN OF LITHIUM-ION BATTERIES
FOR ELECTRIC VEHICLE TO INCREASE EFFICIENCY BY 3-D FINITE ELEMENT
METHOD. THESIS ADVISOR : ASSOC. PROF. PADEJ PAO-LA-OR, Ph.D., 139 PP.

Keywords: lithium-ion batteries/tab design/electric vehicle/thermal model/3-d finite

element method

Electrical tab design of lithium-ion batteries for electric vehicles aims to
develop a 3D finite element program for simulating the temperature distribution effect
inside pouch and cylindrical lithium-ion batteries under a constant discharge rate. After
that, actual samples of pouch and cylindrical lithium-ion batteries were tested to
compare obtained results with simulation output. In addition, the size, the position
and number of electrical tabs for both types of batteries were also designed to be
suitable for a constant current discharge rate in order to increase the capability of
maintaining and controlling the internal temperature lithium-ion battery along with
having long lifecycles.

From the temperature distribution simulation of batteries at various constant
discharge rates, namely 1, 2, 4, and 8C-rate for pouch-type and 1, 3, and 5C-rate for
cylindrical-type, the results were expressed that the average temperature on the
battery surface increased once the constant discharge rate increased at a DOD of 100%.
The points with the highest heat generation and temperature of both types of batteries
are at the electrical tab and the region contacted with the electrical tab. When
comparing the average temperature error (%) between the simulation and the test
results of actual samples on the surface of battery core using thermocouple sensor
with 1, 2, and 4C-rates for pouch batteries were equal to 1.72, 0.36, and 0.41%,
respectively. Regarding cylindrical batteries, the error values (%) under constant
discharge rates of 1, 3, and 5C-rate were respectively 0.88, 1.63, and 2.07%. The gained
data was presented that the error values of the simulation and actual test results of
each C-rate were similar.

For designing the size, the position and number of electrical tabs under the
same volume as the prototype electrical tabs, the results show that increasing the
electrical tabs width and reducing the electrons flow distance on the current collector
by changing the position and increasing number of electrical tabs contribute to the
diminish of the internal resistance at the battery core. As a result, the battery
temperature will be also decreased. Furthermore, for the temperature reduction

comparison between the prototype and the newly designed batteries, the pouch



lithium-ion batteries temperature was respectively decreased to -3.50, -2.32, and 4.63
% once the battery widths were applied at 40, 50, and 75 mm. For cylindrical-type
with the number of electrical tabs being 2, 4, 6, 10, 14 and full tab, the temperature
was decreased by 4.43, 9.45, 10.13, 10.80, 11.01 and 11.58%, respectively. As
mentioned above, the results could be concluded that the size, the position and

number of electrical tabs affected the change of lithium-ion batteries temperature.
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(Pouch cell) mgdnsinsmeusqlnin 2C namsdnasanuin 'qquﬁmaummLma%zqqﬁ'qmﬁ'a
mevszRlaiinounn uazuiiulwiiuuy B2 Toumgfianiian wansisguil 25 uassuil 26

Type Al H “ Type Bl Type B2 Type B3

JU7 2.5 dnvagvaanuliihvivinuastiaulusuiasng 4 veawunnes

-t
D

0 200 400 600 800 1000 1200
Discharge time (s)

daa &

JUN 2.6 gaumgiigeaavaswunmeniiuiulnihtiuinuaztiauludumiasng 9

Mei et al. (2018) ld@nwvunaueauiiulifinuesuunmned aiielossuuwuuna (Pouch
cell) Fsusznauluierunvesaumn augs wazaun ety nieuisaema
msnszneiveseamgiiveaiuliinfivussisiudsiinanannuin anufeuiiiinainnszua
yaesudath Uoule heating) axdigamgfishiian Weiluiintdnvowdiuliihdivuasniias

Su et al. (2019) ¥Tins1zsiuunnoidiiienlossunuuuiinnieluguesudld wuin
gugudlwihAlduunneidifioulooouasiiadosnmangs WenummoimeUszaluiilugg
an1uzUsEy (%S00) BEff 20% i 80% wazideanuzyesszginit 20% anududuves
Uszq (L") Tuwunmeiaiiodlossuazanas liujaseliiuesinelusunneiaslsietios
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Ji et al. (2019) If@nwngunseaiagliuszans mmgeaavedugauunnes aiisslosou
LL‘U‘UVI?NﬂizUE]ﬂﬂ’lEJIﬁﬁ%EJ%ﬁN‘UENﬂ”l’i‘Uii‘i;LLUG]LG]E]%‘IﬁLLGIﬂGi’Nﬁu Fensavreaeum e aLe
waﬂqmmﬁmm‘lﬁuaamema%" Ui dd v unMseenkUUNMSTE IR INS DUTBLURLADS
NI alﬁﬁ’nauaiu@)auumm%"a Wisnlepsuwuunsinssuanalgnsoenikuuliimsnseanesas
ﬁLLmﬂﬁiNﬁ’uLﬁaﬂ%’wqam’maﬁmua LUUDI88INSENEMANNS BULUUANER Lagluuidnaes
Iwlwidadudmaniiniuuund Dalesumsiaut uil ol eiuasfiaUsyavs nmnns
ﬁm%aﬁm%’ﬂuqat,l,umma? NITATLYLN 19VDUYAE AL ALS 89AY arithmetic ratio Lag
geometric ratio LLamﬁﬁé’agﬂﬁ' 2.7 uaE 2.8 MUSITU WU NITAS BT EEV e UTAE T
uangsfuduis it nmlunmsuiuserududentudmiulgauunne

:.
§
£
g

JUN 2.7 159053881900 89adwUU Arithmetic ratio d1msulugauunine’

symm =

JUN 2.8 N59RT3821909@adLUU Geometric ratio dSUlLAARUALADT
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1PgLan1¥N13INTEEEN1NTBUTAR WU Arithmetic ratio AIULANG 19BN
vadlugauunmes avanandloszosvinaduduiing u laseusninsvesgamgdigsaaveduga
LUALABI AT TR BeTELMUBATARUUY Arthmetic ratio 8719aRa9 13% UazAIBIAIRng
anviegsanenaanaunde 2.5 mv leuunne3 13 ufusyazsineds 5.5 1. mwaiaueves
paungfiuarnismeUszgmeluligauunneifisinsdnEesuu arthmetic ratio Sufindnsdn
WU geometric ratio wandliFaguil 2.9-2.11

(@ 2 5ol m’/ b) L 39 , )
8 285 - 7]
5 25 ssf—— 8 25 4
g 240 =]
g 20 S400 5500 S600 3 sol 0 00 w0 500
3
E 15F —— d=3.0m & 1.5 ——d=3.0
2. =3.0mm| 2 =3.0mm|
§ —— d=3.5mm % ——— d=3.5mm
o Or —— d=4.0mm = 1or —— d=4.0mm
g -d=4.5mm g ) —— d=4.5mm
= | 05 F d=5.0mm g 05 4 d=5.0mm
< c e =
- d=5.5mm d=5.5mm
= 0.0 = 0.0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time (s) Time (s)

d' Tl = ! a d’ 1
EUV] 2.9 LU?EJ‘UW]EJ‘U?’YJ'HJLLG’]ﬂmqqm@\iqmwﬂvﬂgﬂa‘ﬂsﬂ@ﬂimaaLLU@L@@ﬁigﬁjqﬂﬂqsﬂqﬁJﬂigﬂ
fulan (a) ILFPILUU arithmetic ratio (b) IATBILUU geometric ratio

X
1

—a&— arithmetic ratio arrangement
—=e— geometric ratio arrangement

)
S
T

N
o
T

N
0
T

N
\1
T

Maximum final temperature difference (C)

3.0 3:5 4.0 4.5 5.0 5.5

e
o

Initial spacing d (mm)

~ P ~ ' N a
JUN 2.10 1S uiguANULANANRUNANgIgnvedlunauunines
ANTINSLIT28LIIVDULRANLANFAIITU
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£ 285 H arithmetic ratio arrangement
geometric ratio arrangement

£ 2601
2 :
%2501
2.45
45 5 55

3 3:5 4

Initial battery spacing d (mm)

1m final voltage difference(mV
N N [ 5] [S5] o8] 383
[V RV N> N - NS R
(= w (=] wn (=} w
:

Xi

M

JUT 2.11 W3gULigunuLANd19LI99iuggnvedlugauunines
N3N 89T ELNDULATTUANAI U

Lee et al. (2021) laponuuuagzilSouisunisinauiulniveswunnes aifion
logauuuuga (Pouch cell) Tuguuuuun@ (Nominal tab) wuusdilea (L-shape tab) hagiuy

o
v o

M3aUTIY (Counter tab) WDUNITIABINANITNTLALAIVBIQUNNT WU LARLUUATITY
Uy (CT) Hgaumgineluiwadnanian waneiagui 2.12

NT L4l 1

UM 2.12 uamnisnaufivlnivesuusnesdiiienlossunuugeguiuunigg

23 @3l
Uni 2 4 91aUes189 I UNANISAUAUITIUNTSULALIILI T8 S UNS N 8T8

a

NuITeNazanidunis 9ngudeya IEEE, ScienceDirect Wazdu 9 BevilinsIuiwy?
MM FITengITes seideudsngidedue Il nanisaiiuau Jelausuugsingg 9N

[%
YU av o !

AnrtnITeRiafnuiidagiu AnnsduAuYTIAlIsTUNTsHLaEUITeMAg e iy
wuswesavisulosauniwinaUsemeaslulssine
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ad a ¥
A IGERREN

3.1 umi

nsfnwvnasidlafmguianegiifeatesduanuideduindanudidyuasdu
Usrlewdegnannlumssniiun veilfleduiiusiumuiuszanudlalunudmiuiily
Buundsdrddunsduiunuids fafuluunddvldiauenguififerdosivamided d
Usznaulude 3 htevdn leud wummned nguimsanemauieu deusznauionnud
MR 1uAINToU Nalnn1sanemauseu waraaveseideuisiiluvidadiuuduuy 3 97
Tagagnandaanzaiuiiiulssloniniognnandnisiensduiuanud o deilii ol
domflenunszdunasdniaudeiy

3.2 wuAAe3

wusaed ferdugunsninisluiindidrdyd unid wossrumnuglnin Wosandy
gunsalldufATomaediniidniundsmildlunisdueieu Tnsdrulsznoundnuos
wunwBIUsENRUMEAILMAN 9 3 d1ufe Tauan (uelne) daau (welun) wezansavaneBidn
Tnsladt ileuummeignldauniainnsnieuszqlaii aavandudafiinufndoiaddma
TiAnnsindeuiivesdidnasou (UfATeoentindu) LLaS%UU’JﬂLﬁu%’JﬁLﬁﬂﬂﬁﬂ%mmﬁﬁ%U
Sudnaseu (WAATeTAndw) lnedidnnseuiildainufAseneendinduasiakulangdni
nelmAnnsinavasnszualiiidu Tnedidnlnsladassonduasasanefiliindidinasou usi
wihidwleseuiidndusonsiiauiizednanlsodissealasauniuumnedagmun &
nandluguil 3.1

Sianlnslan

JUN 3.1 nANMSTINNUVBILUALAEDT
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Tua29U a.A. 1880 NSt kUMADS @S Ug T UNIruE WA LAY uuUssuna 20 U
NAINNITAUNY wURLaIaensatutduasansn dasinenumvusluiaslasuainudey
anaadeaniinisidiaIessuddunungluniiuseaniamganudy Usenauiuiaives
%,’ LY dl Y d' d' 4? | I3 1 a| A ¥
lungnasuagszegniduinisulnadu sgalsianuluyid aa 1970 gnwudndinasly
gunug AL ALNNTY IngUsenniunnasntgadulssLnnasMnssuLRy 9UnTEI
FTRIUINTITVDILUAMADS LA TUNITWAIUNA LT UDNMA18UTLLAN LH aNANTUIUTELANY B9

d' 1 Y & % 1
wUMLMBIANLTaLUIlTY 2 Useunn Lawn

1) wunme3vlaUgund (Primary batteries) visouusninaswuuldlansufe i

2) wunwasvlinyfenil (secondary batteries) w3auuniaoIwuudnaUsylnilvula
Tnauumnasildlugmumvugliihazduwunwmeisiianiegd Fellesdusznounaaivedy
WANA LazwaluAwaNANeaiY tnawumnasNinsuanuteudnsuldnulugunivugluiTu
TaqUu loun

2.1) wumneI Usztnnngninse (Lead-Acid Battery) wunlaa3uszianaziansagn
ANAUTUNIASILINAILAT A.A. 1859 Ine Gaston Plante kazlasun1swmuIo819590157
Tugransademssud 19 lnetagdudusummasviaildiuanianlugunivue nglddu

d' ] U a d' 6 @ 1 1 3 qy dll d' Q’{d d'
wusmeIdmIuAanIessudidudiulvg Neilileninuuaneiussianidsaigniilenin
Jannldannsamladewaziinzuiunisnanlidudou wunmeiUssinnasiinsadtaausi
NAAINTanyeNIU (Porous lead) drudrviniunziieantesd (PbO,) nidnuagnyuy

1 = [y = ) @ & U a a 2 12 <) a 6
WuLRenu Inednsanueduniansagaiazn (H,S0,) Wutuiluansazansdianinsbas
LUALMBIUSELAVATNINTANANNG 1 Us U M nLaz SR san v liuunmesvilaild
Pndnunn nstdaulugueussainlddnsunisaneIaseudlusasuduuiniiily weafdun
Jenldlunstuedsusrueudliivunadnidusgrauin InenunnesnenInsnauIsanua
Usznmeaglaan 3 Uszunn (Salkind et al,, 2011) Aa

- WUALMBINENINTA dNSURALATEIEUA (Starting Lighting Ignition) Fae.luuunine3

) Aaw v a v o ) a v ] )
nefnsanddadunisldnunnign lnegnlddmsvaundesmisnseualniings Wusses &
WU @NNSURRLASBI8UALUTOBUN NIBRARNLASDIBURFINSULATITNT NIH WUMKMBIEUTURA
P3edeUd xilongnisidaudulssann 1.5 - 31
a o I aAa o o ¥ A v a |

- WUALNBIMENINTALUY Deep cycle 1ununned idmsuldnuiideiinigaie
nszuasalandusseziiaIuIuy Tngdnisldanuegnateusenn Wy dwiveueudlni 5o
nodw gunIainIensunmg wiedmsunulniihannuamasnunyuleudu W anwad
WaIeng useniiuay Wusu

&

- LURAIRAINTAKUY Stationary Baiunmesvilatiilulunineingnesniuuuli

ansadnenseuaneendusresinaiuiu uwikuamesyilail AsanuuameIUsein deep
A o £ PN [ [ = v 1 g
cycle Tne@t dnldaluanugdssalnihngndnegidiunasnian wazinisldaudunsensn

Wity dnldiianisdrsaslui
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T — LR

- [ e ——
e | A8
. — BATTERY

JUN 3.2 fegrauunmesngmnintulsenelny

2.2) wusmesuszaniinifauaniiley (Nickel-Cadmium Battery) wusimasviindiiia-
wanflsudununnesvegivindaniladyiausn Wnededanlauiumnanasdianinslad
dFadsglumdanlaiiludimlsznou wu asazareliunadeulansenlydluui (KOH)

& v A4 a &g dve 2 ’ Y o a4 a Sa "y

Juwsu wuawesiatilunidnluuy “luian” Inedefvesiunneivlinife lidanisnis
o 1 a s Y] < £ [ [ Aa < = 1

auasne wu msidnngy ulildunulidhazegluanuenivssqluiidunield awnsa

gauszlnilnlaiss Mlaneamgdaiuazainnudsdndlnivaldnuai uwiuunnes

Useinniliiteidiefe 511 TngAUkaIIAINITHAATIZINIIMUALABTLUUALAINTANIN BN

d a doa = = A o A = 1% 1
wusme3llatldall Memory effect Favanetisannigfiuunmesideuiiosainnisgnldeuly
nuanaugngnUszglnihdnasiwasiinnugedonisUszaliihunniuunnesuseanngni

s o d a Ao & & = & & a a I3
N30 aeAUsEnaUnANveLUAWes At viauluwandiey (Cd) Taviniduinifiasenled
(NIO(OH)) Tnefiansaranaluunaideulansonlantuin (KOH) Wudianinslasveuunnes

agnlsimuiiasainuandeuduasifiviifoud19s1ouss nsldaunaziaun
wusnasvllafidelilasunisativanuuinin mstauigunvugliinlaslduunmesluuen
Jailogiioy

JUN 3.3 fegauunmesinifauanilen (d1udanilatl)
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2.3) wualnes Usstaninifawmsialalasea (Ni-MH Battery) wunines silail ondey

aa I

Uiz uadinidvraudadulavenan (M) Aanunsavinufiserdulalasauinduwiialelaia
1o denalviuunmesussianiinifa-wiialelasaiannuandsugainiuunnesussnnnzia
nsaun Msauuetgnsldnukazaulasadeilvkusmesuuuiiniia-wvialalase
Iogniluldlugrumnugliihyssianlauialugausnindalaeusenlaleddnin Jaiauwn
F3UUIEN Panasonic EV Energy 411 fuluusevgnuesusgvmmuiledadnie
1 < a a Qy (=1 Aa ] o 13 =

aglsfimuuunmessllailiduniendmsveummuglnihvunadniiesninsian
wnalaiguivuunneIsetanazAinse luvagiiedatulssdnsainlae i 1wy Aug
WA 919NN wagNITUNTIThEItY Giaddesndt wuswesUssnniiiivulooouds
vz ildunumneinfegiinldiuegrsunsnatefign inszuunneivszinniinia-wiale
losn azdeuan nmnlagnlde

2.0) wusnnesussinvaiisulessy (Li-ion Battery)

a o I o v A = va & v & a a = & N

awgalusaidun 3 lunsiesne warlaudidulane sadudmesdadulavend
H @ - o U Ao aa =2 o aaa A
wwtiniuinan wenannddmendlidndlniimelniedinunn saufnisiujisemaaiin
Fealy Mnandisne vesdiiey Wethuwinduwunmesdslduunnesiiundanulagauas
Frenasulaun iwesnlansdiienidanulsionisviuisened Tusssumisdslinu
aiealugUvedlansuians widnnudiieslugvesaisuseney uenantuailansAvieuds
MUAseguusaiun Asludledlavsdiieuuvikunnes Juvhliikunmnesviailinaiy
deege lnsanizdnUanidnuuamesliane gvilieniAnTenuduanatguenaIunse
nanaeadlVluwadvasiunmesia WelansdWlendudaiuuivsennuyulueinia aevinli
Aansviugasenaiituaueraianisssidavsonanisgnidulnld Tugawsne watinum

a 2V

seilnfu auusendudndeadnudnuaziuluimuisumneinldaisusenevvedanedifiey

Doy

wulavgfiiienusans
wusnaIaieunldiuwnsvatsludagiug 2 viia Ao wuaweiaiiuulessu (Li-ion
battery) Lazuunnesaisalooaulndiues (Li-ion polymer battery) n3oifiuaniunin alu
a = Aa o & 5 ki v ANa o o & o o o
wWUALHBS (LIPO) Faukuntmasatieunaaassiatazlgasiediunuvindudiuinusedkalng
wazdIauns otk lumlua1sIATYRAR 81 Y AWANAINAURTINDLENINT lad laz Uy
(separator) (Foad Wnalasnas, 2550) lnsuuninesaieulessuarlddianinsladfiviaunain
\nFevesdiiunaratvegluiviharaiedunsd wasuiunuinananindes wu Indlnsiau
(PP) 1udu drunusimesaeulndasuudidninsladiazinuiuazidudniendu Ao 1u
a1sindies Yeansindwesdaviaudiveulvlosounseounianduszanula waldnlni
A a ¢ < a v ~ a f 2 a d ¢ v lo & v v o
wazsinaanindwesiduvaadanuwis waltlwadwasiJudidning laduan lusndudaslasni
AN nszlndmesvinniniidusnulusey satudivinuazdiauvsaunnesatieulng
wasdsludnieas
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AC0 [ e e

350 F

300 F

Smaller Size

250 |

200

150 F

Volumetric Energy Density (Wh/L)

100 F .

- Lighter Weight ]

50 F e

0 . e e 2 L T N U S TR
0 50 100 150 200 250

Specific Energy Density (Wh/kg)

JUT 3.4 Anuannsalunsiniundsnuliivesiunneivsiinn

wazidlawSsuiisuanuannsalunsinfund wesunmeing 4 wuuiina1iun Ae
wummes vinnziansn (Lead-Acid) vilafiniAaunanidoy (Nickel-Cadmium) viiniiniAa
witalalaga (N-MH) wazsdadifisuleosu (Likion) wuilwumaes yindifivuloosud
muansselunsiundreldnnniuunneieiadug filwdasuns (Volume enerey
density) wagiBauia (Gravimetric energy density) (Wsdnwal dines, 2553) LLamﬂugﬂﬁ 3.4
32.1  daulsznauvesuunnasaiiexlosau
drulszneundnvesnumneiaiisnlessulssnousedindday 4 da el

1) 42l (Electrode) Tnsuunmedaniissloasulutiagiuldasuseney
Fmandifien vieinaevesdiiien 1wy LiCoO, (LCO) lanzaonleddu q wieasusenay
WadnaLiMn,O4 (LMO), LINIMNCoO, (NMC), LiFePO, (LFP) L‘Id]u‘flg’m’m (Positive electrode)
w3 a9 ualna (Cathode) wazilmgusuniounsluiidudaau (Negative electrode) 3o
wolum (Anode)

2) Wity (Separaton) Wuduiidestuliilidruindudatutiauauinnig
anasveanseualiin vunanlndwes (PP/PE)

3) unuiunszua (Current collector) Wulanedi vnthilididnnseu
Iyasiusengrsasneuen iethmdsnuluinluldsslovisineg dusnnusiusiiunszuasy
vunanegiiillen (A) wagnasuas (Cu)

4) 81.8nnslas (Electrolyte) \uansazarsdunidvanndend Lt 1du
drutsenau wu LiFPs niadudniiiveslilossunes Li Tnanu uiliselididnnsou
Tianu
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wuaweivilatigninsdmiieeengnainiled a.a. 1991 (Dahn et al., 2011)

wavneluszeziaiduduaudeinisvesnainliiiugeluegissimsa lnevallaziusmny

Fandldvindauan dwtnavriananunslididundn Matillesanuunwesafisulosouusias

UsenniauTRwanenany 3uuunsausanIstaauieanaeiuluale saandunisnen 3.1

M1519% 3.1 wuaLmesdfisulonsulsznnenge

LMO 5803 buls

(LigTisO1p, LTO)

Ssui TanTuan @R ey nsldanu
. Lithium Cobalt Oxide oy InsAnidlefie uiudn uau-
wA3lne v am
(LiCoO,, LCO) fioU NaaIRIva
o 13 09dolWW1 (Power tools)
Lithium Manganese P p p Lo w
2 S wnslne gunIaiNswImNg sEuUdIas
Oxide (LiMn,Qq4, LMO)
Tugnumviug il
Lithium Nickel Ansenuliii gunsalmsunme
3 Manganese Cobalt Oxide wnslog syuvasmadtugunmug i
(Li(Ni, Mn, Co)O,, NMC) syuudsesluin
Lithium Nickel Cobalt gunsalnIsung seuudaiiga
i Aluminum Oxide (Li(Ni, unslogd Tugrunwivuz W sguy
Co, ADO,, NCA) dnsaalnih
Lithiurm Iron Phosohat FEUUEINIAITUEIUN I U
IThium (ron oS ate P Py
5 . P wnsloe i1 sguun desnisnssud
(LiFePQq, LFP)
LAYAIIVIUN LA
6 Lithium Titanate | szuudseslnil szuvdInIas

Tuenumivug T
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322 dnvuzveauamesaisulessy
wuameIaLisulossuiilidmiugunsainnm ededldlvihsndseumivug
Il1iuannsauysoonifunarsdnuagsunss fauvunszau Button cell) wuuU3da
(Prismatic cell) Wuunsanszuen (Cylindrical cell) wuuga (Pouch cell) 1lusiu Taguumnes
Aieslepounuunsenssuoniuaiusutandeuriufiu fgufl 3.5 uasilusiulitdnvas
Adnoiaadlsa UJellyrol) druunuunsaziinmsdouiuiuvesuniuianadieuauiy (Sandwich)
Hudu Bednvazresnslfnuwunneiaifeslusummuglniinne duasiluussgaui
\Jugauunne’ (Battery pack) Insuuseenidununnesluilddwiusnoud salavans
Fnserusudnazorusudliiiiadoudidunyilivuinvesuunne lunguouwivug lnding
yulnginingugunsalnnmuagia3esldlii

= (% ! da o !
$135199 3.2 aﬂwngﬂiwwamummaiamaﬂaaauﬂizmwma 9

GRiN anwaly3UIa UssLam
1 nizaU (button cell)
2 U3T (prismatic cell)
3 N59nseuan (cylindrical cell)
il 03 (pouch cell)
5 %a (battery pack)
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323  wanmsinauvesuuameIaiislassuy
wuamed afieulosswihaulagerdendnnismaliued Ae iWedinsdn
Usqlih (Charge) vilWlaoouvesdifieunadousoonanlasiasnsvesiauan Tuarudidn
Tnslad uasnuukuAY (Separator) Waldunsnda (ntercalate) lulaseadnedrauiindy
asUsznevtesdifisunasansueu vasieiudidnasouaziadeusieenaindauingtay
H1wRsneusniibiianszualiiy wazvagiinnisatedsealui (Discharge) UAsenas
Aalufiranssiudiudagui 3.6 wasdevdnmsfndnansouansfizomandls foil

e- on Charge i e- on Charge
_— —

Lit Intercalation ==~

Lit on Charge
—_—
——

Positive current collector
Negative current collector

% % % E Lit on Discharge

c- > | <=  Li* Intercalation Lit <«e-

Li, MO, Li C

d’ % o da a
E‘IJ‘V] 3.6 ¥aNNSNIUTBILUAMBIaLTauleaau

Az sunintulusumnes

discharge |

MO(s) + LiCg(s) e LiIMO(s) + 6C(s)

MOy(s) + Li*(aqg) + € # LiMO(s)

LiC(s) e 6C(s) + Lifag) + &

charge
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wuALAe3 Uof Uoide
Lead Acid | - #51A790 - ANV INAINUA

- 1ANUNUNIUGS - WUALAB3 LA auan S amanlald
- 1l Self-Discharge i Uszq
- ludipsnisnistgedneunntn - aziuaznsn Wuiwiodawndon
- liiAndgy Memory Effect
- Discharge lid1n
- Ivangun

NiCd | - Mdsluge - uanlondudiusiodanndey

- 1ideynt Memory Effect

NiMh | - Adalnge - §IA189
- ANUNUIRUUYDING I - 10gym Memory Effect
- 91gMslnuwIu F33nsn1sdn
Uszameuizags

Li-ion | - AUMLIRULYBINIUGS - ongnsldaroudedy
- laifideynn Memory Effect _ Cell internal resistance 24t 13y
- 1 Self-Discharge #in ANUTOUNNTEAUTT LTINS LTI
- AnAUNATIUE - fpadlgunsal uavlasasiesuaIy
-t Unonse
- Ivangrun

uena il e Alddnsusunmmedlugunvuglvin Stellil

- wonntddlug (An) Wumbefiugiulunisiaanuguasuunined ngli33n1sane
Usgqlwiishenszuanuuasiinazdunaniuialusaununiaeimoussgluiimun lnoanug
wesnUstaludlinnnisthenssualnihguiunandudlus segiadu wunmeiaug 80
wouuUsFlae maneanud wameigniuannsadeliidensenanssnsd 8 ueuuusld
w10 Falusvide 4 uenuusliuu 20 dalus

- C-rate Yaueniia dasmssavzemeuszqliiiveaumneiifouiulimnaniig
YosuummaITun 1y (n)C mnefs wumneiazasUszaliiiuuuasiioonlulagldiae
1/n Falusauninazvnn wiouumno3argndnuszqliiingiesnsnsfifvivliuunnes i
aelunan 1/n ol 1y

1C manefls wumweIazmsuszqliivhenssuauuunsilagldinan 1 dlusaunin
wnn MieuunneIgndnUsralulindiensruauuuasifiasyiliuuameTidunelunan 1
Hilus



22

2C vanefis uuameIazaeuszqliivhenszuanuuasilagliinaiaiedalusauniy
gun WisuunimeIgndauszglwiivhenssuauuunsiifasyinliuuameTifuaelunaneis
Hilus

- DOD (Depth of discharge) Usuaniisuiunanmgiuunneignldluifisudiuaug
Favun 1ty

10% DOD anedis uunimeignldaly 10% uazmdonugey 90%

80% DOD vanufis uummegnitauly 80% uazimdennuqoe 20%

- SOC (State of charge) UsuanisUSnamugiinunneimaesy 1wy

10% SOC mnefs uupnediinuged 10%

80% SOC ynefia wumimesiinauge 80%

- Cut Off Voltage 1unssfulnlidihgaiissuuvosnunneivouliillfumzameuszq

of

i dreinindazdniademennsidamnsafundanvluiumnedseldld Taeeniae
fvualzizIsisnTIMsmeUseliineeg fu ussmdnanazidudimunussiusiige
Wsausaugaerasn1sAeUsEaliiheiudnsinisangyseqluih

- soumsliau (Cycle) iiladnuszq liiluunimed aufunazilulda udah
ndusdauszalnillmisududnadmilsanFondt 1 seunsldau lunisldauasiisouns
THuaesdnuwazie Muifimsmouszaliiinies (shallow cycle) wazaudiinsaelsey
Inwnn (deep cycle) nslduveummesuiaruuuTu uTuS vz v TaduAYdILLN
wliliiummesaneusyqliihauman

- psnadndlaiinssy (Nominal Voltage) fla ussiulviiinwaauunine3iussmiuan
szl usthdnuszlwihauuummediusegluiudy arusadnglniaedanfiuiy

- Open Circuit Voltage f® Lmé’ulw%ﬁLLU@ma‘%aEﬂuamazauqau‘%a%ﬂmmwmsJ
fio uummesliifinismeuazsauseqluin

- P/E Ratio (Power to Energy Ratio) Usuanisidsluifafiuumneslildieuiu
WEIUYDILUALADT LU

P/E = 2:1 YRaUUAADS 1 kWh Mnemsidy wosmedaziidngnmlunslimidslnd
u 2 kw

P/E = 1:3 UpauuUnAe’ 1 kWh nneamdy wummedaeiidngnmlunslmidslnd
Du 173 kw

WadluummeIAfiA P/E ratio qa%ﬁamwmma%ﬁmﬁdw High power battery &4
ﬁﬂ%ﬂ%’ﬁm%’mmﬁé}’mmﬁwé’qiﬂﬁwquﬁuﬂmgm U N15AALAS I8UA MTOAMSUNTTLTS
wsoseusiviniy wilildduundamdanundnlumsiuindon

WURA3 AR 9 fina1aunazdannuwansisiuludiusig 9 wu faaﬁsl%’a%ﬁa
uuAel lAssaisvesuUnines mg LLazmﬂ’nmmﬁﬂﬁl‘V\IﬁwmLLU@Lmaésﬁaﬁﬁuaﬁwﬁm
YosUfAsefiAntuiitiuanuasitautesuunmeivintug saludsdnumensldan
oaumnfifly Sasnsmeniesauszalwii (Crate) USinmuannuqueanumae3 (%SOC) o
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5%

Yuziu sllavesialiih slavesdidninslad diuorgmsldnununmeitusgiuanusing
Tunshanaanululd saludsgamalingluwunmed WWusiu

3.3 VQENIIaIemANTY
33.1 anusou

waAnveIngdeiinisiuisadeslaensatunguesnisoynyndsu

(Conservation of energy) #4na1371 "lunszuiunmaUasuniadsig o vy naauagliign

astulmivaglaifinsagmely wiannsadeulvegluguduld” dedudefansannis

H1NNE 1IUTENTNITEUUA VA WINE BN 22NUT MG 1IUTINTDITEUUA VAW INE BN aed]

Araafl 1wy lunszuaunisfissuuldSundsnuandaindey Usinamdsuiissuuldsuas

L.‘Vi']ﬁ'uﬂ‘%mmwé’muﬁizquyLﬁs FaausnanInsenemndauresstuulag Tgeradd

El.n+Eg -E, ;= Eg (3.1)
e B, fo wisuilidigszuy

E, fe ndsuneduin

Eux Ao nwdsnuiiesnainsguu

E, fo wdsusuiarauluszuy

Tun1sdasgin1sa1gmauTeud aan1nualsuInsAIuAYL (Control
volume) eas1aveuunvasauuAgiulunsiing duansdreeelangun 3.7

Uz+dz

Ox

JUN 3.7 YSumsmuanuagiianienisangimanuieuluy 3 §@
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[

NMsivualsnsAvANtugliuy 3 38 ndsnundigssuuasls asl

Ein = qx + qy + qz (32)

a

wasuaueuiiingszuu g, g, wag 0, Jusgiuautuvesgungil

Y

[

(Temperature gradient) GHMﬂQSUENWﬁLEJ% (Fourier’s law) fiail

oT

=-k — 3.3
O * o (3.3)
or
oT
=—k — 3.5
q, : 5 (3.5)

dlo Ky, K, uay K, flo duuseansnisiimnudeu (Thermal conductivity

a

coefficient) lUWWILAY X, y kae z AMUAU aNa1sunlugULuU 3 86 FauLnuaun1si
(3.3), (3.4) way (3.5) ashuaunis (3.2) agliaunisn (3.6)

E, =k T dydz—k, <" dxdz—k, <1 dxdy (3.6)
ox ' oy oz

n X

[

dundinuiisenainseuu aeladad
Eout = (q X+dx )+ (q y+dy )+ (q z+dz ) (3~7)

WANIUAIUFTOUNDONIINTZUY [y, Oyrgy %8 Qg e q,, q, wag

1Y

0, wanusser dx, dy uag dz Ingendenisnszanevessunsumdiaasazla fall

aq
- xd (3.8)
qx+dx qx + 8X X
oq
Oyigy =0y +—ayy dy (3.9)
aq
= £d (3.10)
qz+dz qz + az z

Sevf wnuEunIsT (3.8), (3.9) wag (3.10) adluaunsi (3.7) azld
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ad, q o,
Eou :(qX + ~ dijr[qy +E"dyj+(qZ + p. dzj (3.11)

drundeunaniinaziinduiil ofn1sdsatendaniundtuluszuu wan
UanUaoendsuluguremdsnuadl ndsnuli wdsnueduudmdnlni waz ndanu
a - v A PRy aal Yo &
fwndes Wudu anansauandugdaunisaglivsunsauaundnulugduuy 3 aladad

Eq = Qdxdydz (3.12)

We  Q Ao USuaumnusaunnanadu (heat source, W/m?)

waznasusavaulussuuilunisazaundinulugusneg Lty
wasuANuToudula auTounds wasauluzudu W wasuaald wisudng sauly

£
Yoo

= [ = 1% 1 v v I v v aal
fandanumani tawA wasnuiusy Wusy wansdugdaunisneldsuuuu 3 Galana

T
E, = pCa—dXdde (3.13)
ot
de  p AD AUNUILUUING (mass density, kg/m?)
C Ao mmqmm%’amﬁ’%ww (Specific heat capacity, J/kg-"C)
t Ao 181 (time, sec.)

Far Wuaunsh (3.6), (3.11), (3.12) wag (3.13) adluaunsn (3.7) azld

oq aq oq aT
——X dx——~ dy ——2dz = pc — dxdydz — Qdxdydz 3.14
ox 7y Yy U POy etz = Qdly 219

m%a%’mgﬂiwﬂmmmuaumsﬁ (3.3), (3.8) uag (3.5) asluaunisit (3.14) azld

0T

K o1
* ox?

2 2
dvclydz +k, gy—Tz dxdydz +k, ZTI dxdydz = pc%T dxdydz—Qaxdydz  (3.15)

[

vsednlvieglugUaunismnusou sl

oT o°T T o°T
pCE:kX Ve +k, Y +k, P +Q (3.16)
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3.3.2  nalamsanewmanuiou

nalnmsaewenufouduniwesiianuddyienisAimnudgumnd
Humstewmdanuanszuuiiinndentuludigungisne 4 fuly Jusvaniizuindon
o1t undonsuviaimamenalalanalondefls nalnnsaremaudeud 3 wuu Ao
n1511A3115 U (Conduction) N15M1AIUT 08U (Convection) kagn1UK TedAINUT B Y
(Radliation) (@1t 9ATHI Lazviaydn 19E¥a, 2545)

3.3.2.1 msihanuieu

mshedeu Wuusngmsaifindanumadeudiemangluing

wils 9 vioszwieTagasstuiidudatu Taedfiameoinisedeuiivesndsnuaiuiouain
Unadifigamgiiadusasnaniisamaimnii Tasfishnadhifimsidous aumsildluns
AuuvUTinunmsimufeugnauedul ae. 1822 Tastninemanindaaaie Taw
7365 (Joseph Fourien) Tneguannisi 3.17

. orT

Qoo = KA (3.17)

We g,y A9 9RIINSUIAINTIU

(%

A A9 NUNIUNITAIWMAINUS DU

3.3.2.2 MIWIANNTBY

nmsnpnEseau Wumsaiemeufoussiniveeudivvedlva
fmaedeud vienamldindusngmsninisiadeuiivesmdsny Mnuvasgamnfigeluds
oamniin Tneiiluanasinansdinmsindeudiludae feghatu msndoufivesauiinuminun
marudeu audinanferligamgiigenalsg Fsmswemnndeut 2 wuuie msweuteu
atlaiBasy (Forced convection) iintudlafiussnsuenuisiilivesivaindeuiiinuiintagd
Soundwiradunin wu msldiresendlifnmaadeuishudsnunou Wudu uazns
wAmSeuassdasy (Free convection) intuileveslvaifnmsiadoufiiomnussaessi v
TiAnanuuana ey uveswednaluvs nalndduvewds sudunasinaiy
wnsnsvesgnmgiiluduvesedva Tasamudoumndemuasilfenmesimmmnudusas
(W) Fafenmardeufituiuuy smAniiuomaiiBund erumuniiugerinasedeuiian
u

aun1slun1smignsnisniauseusstsingeglusungnisidusa
Y83t38u (Newton's law of cooling) i

=hA(T,-T,) (3.18)

q conv

(Y

We g, A9 SRIINITHIAIINTOU


http://www.wikiwand.com/th/%E0%B8%9E%E0%B8%A5%E0%B8%B1%E0%B8%87%E0%B8%87%E0%B8%B2%E0%B8%99%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%A3%E0%B9%89%E0%B8%AD%E0%B8%99
http://www.wikiwand.com/th/%E0%B8%9E%E0%B8%A5%E0%B8%B1%E0%B8%87%E0%B8%87%E0%B8%B2%E0%B8%99%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%A3%E0%B9%89%E0%B8%AD%E0%B8%99
http://www.wikiwand.com/th/%E0%B8%AD%E0%B8%B8%E0%B8%93%E0%B8%AB%E0%B8%A0%E0%B8%B9%E0%B8%A1%E0%B8%B4
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s

h Ae duUszdnsnisniAuTeu (Heat convection coefficient)
T, fe aaumiivedying
. o sumglvewedlvalagseu

=

3.3.2.3 NSHASIEAINSOU
AsuNSIAAuSou iun1sarameuseulaslidase1fedinans
ausousnadouilUlugueduudwanini wazesieduladluusnaidugyyinia e

f915041N1508WMANNTEUTENINNIRGLA 9 FvanunsaAuNSwsERuSouls Aall

Qg = £.0.A(TS - TY) (3.19)

W g, A9 9n5INsuNSERuTeu

A 1

g, Ap AEaNLUANTIE (Emissivity)
o, fio ArAsfiawvinuluandiutl (Stefan-Boltzmann constant) fien
Wiy 5.67 x 10° W/(m?K")

3.4  suleudslWlundaduuduuy 3 16

Joymmadmnssumaniadiulngorfeuvuiasmsadnmans fegluguaunmaids
oyWusvieaun1sduiinda lunsdiiifuaunsdeouiusdes dwlvgudiinasdomnainas
FeAtUszana ilesnnandudeutesannis imsmnanaslneussunuiuiivaneis 357
$uanudisufuegrainirsvndlusinfiiiuinde Bwadsduidos lnouvsinguastiomi
aulavoniliutownssdinas Fanmadmisumarddetufianadonuiyuvesdivaeusing 4
LLazmmmﬁumﬂmm‘vﬁaﬁi’mau&f’ﬂai%’ﬁfwﬁuaﬂﬁ’mﬁ’wmwmﬁ]mm'aiawmh’fsummmﬁw
amaauimsum@Laﬂawwmaaqmaqmummumswamasmfl,mnﬂsuuaummmmaaqwﬁw
Snvnzaauresingfanarldlndifeannd i Lumiusumvmmﬂummmmmamwmmﬂmu%
ylvsuuanntsuansdud esunnd udae uagnsvuiunislunsuddgmsidudosnns
miwarusuuedssreufinnodifinturufuwaildlunsdunzganndunaludae
Torveaitnasnsduiilosde 1uIEmsRdeuins@nvinaznsihanudle suludenm
azenlunsdeulusunsureuinmefiiioldlunsiuamnanasvasywiiug dndede
v0emsl3snassduiestivarsussmatuauliazanlunisimunfeulvvouiun wagi
ddnfigafe arwenaunlunsUssgndisnsiiieldiutlgmiiieatesiuingdadsi
Snvnuzdudou senatulassadwietudiuing 1 vesmlalasnw aumguesmiueIngIuIn
SandnilduneliAnismavnaasslneUszanadnisniaiGeni Blluidadiund $0354d
annsathanldiuliymifiguinsdnvasdudoulag A8 Tasaunsoassguiednuasdada
Auvisslilndidssndy
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sudouBliiluideduud JusufouiBidsiaudelddmummeaanaslneyszann
vesdgymiogluganniadeoyiusdes lasnsuvsgusrweuivnvesigmesniu
dadluud wdasaunIsvesAasdaduudiidonndasiuaun1 S8Ry UG Lagdadiuud
#1a 9 azidoudefusogadedududumisidsnamawaay dmiusafouisinluy
Saduudlumidelazduiunisdiwauuy 3 I

ndnnsvosszleuislnluideduns Ao Furnnsuliguimestiymesniduiiui
vany dauiifenindaduud lnsfin1snszdn wazusenglunraydaduuud o 9aRdadimd
solesfunsdondfuldunzauna Fedadiudinegd wwluedifuauandonveusasaui
Fosnssusdnunrlndifssiuresaisiafunnsiile Sedifinnsanuuy 3 83 enveyly
sUSNBaTYeI3UNSI@ i (Tetrahedral) 3UNSannun (Hexahedron) 3uUvnssudantin
(Octahedron) 383 Un3aWs1dla (Pyramids) fi Lot s‘fqiuﬁ'ﬁyﬁwwﬁaﬁLmuﬁgﬂmﬂﬁ'wﬂ’]
(Tetrahedral) il asnndusunssiifisnnuluaviosniesetoniign Snitsgunssduiiil
mmaaﬂivﬂamuimL‘Uuiﬂmaau i finananléing TasAmataaslneyszanaifs uiutiud
winueenuiuIziinuuiug Tusg furunn uay mmuaaaLmumﬂsﬁumﬂmﬁmmuu
emsuumauimamalﬂmamalﬂlumaaaLmummuﬂaummumaﬂw@y 7 6 Sunau (wia wiazes,
2548) feil

1) wisdadumddeslifuszuy wsweuagusisessruulymiidesnsvnadns
pantdudaailuusgey 9 lnounasoada uusazidainuiduliuins asuanslu
U7t 3.8 Fadusduaninisuysdadiusdvesgusiadyminuy 3 f@ (su xy2) Tagld
Sedluudgunssanii (Tetrahedral) wagiiterdunumalumsasalusunsunmsdmundmiy
meleutieyeemny Saduiud Swwesnogisguinwesdamiiusznaumedadiuud JUnss
Avinvanun 6 Sadiuud 8 luun 7 9doy ol sadudmivivsunsuneuiane i
Fosns Ao mnsinrvesdaduuduazminoinvasiun wieuisafitnvasusiazivua 39
asUidumalddsmsnedl 3.4 uaz 3.5 audd
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JUN 3.8 sUTsvestlyminlsznaune 6 Badiuud 8 9asie

Y] ]

A a a a (3 = 3
LN@W‘\]'WEL!']@@@LSJUG]E“U‘V]iQﬁ‘Vi‘Ll’I

1599 3.4 SnurUaaveIBAdIIUA

NeLaY MUYLAVYARAD
Saduiud AR i AR j 0fD k 06D |
1 2 8 5 6
2 1 2 8 5
3 1 2 4 8
4 1 3 4 7
5 1 7 8 5
6 1 8 q 7
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NUYLAYINRD WAAWAU X WNAWNY y WNAWNY Z
1 0 0
2 0 0 1
3 1 0 0
4 1 0 1
5 0 1 0
6 0 1 1
7 1 1 0
8 1 1 1

2) \denguuuuvesilandunisuszananisludaduud sgslunsdiadiuudsunsed

wiazUsznausie 4 yarefiddaies 1, 2, 3 uaz 4 Fadunsuszunauainisly Sadwud
wuuigsdudandlugy 3.6 suvdsenase (X,,Y,.2,) Wo n = 1,2, 3 uaz 4 [Jusums

Yo lungiua U, Insauufaneurn1snszaeueinad nslneuszunn s il o

a a 3 < a £ o &
vudadiug U, (X, 7, z) Jdukuuildadu gl

U, =a+px+yy+Az

nefl a, B, ¥ way A Judieedl Teenunsamlaaingasevisdns

2(x2 ¥2 22)

4(x4, V4, Zg)

¥
Y [

msdszinmaelunugadu

3(x3, ¥5 23)

JUN 3.9 msuszinanglunuuiBaduuudadiuudsunsedmi

ue(x:l.' yl,Zl)=a+ﬂxl+7/yl+//izl

U (X0 Y22, ) = @+ %, + 7Y, + A2,

(3.20)
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Ue(XS, Y3,23):a+ﬁxs +7Y;+ 417
Ue(X4’Y41Z4):a+:BX4 +rYy, +4z,

o 1 al v v S Ay v ] Y =
WA a, B, ¥ way A Alaanmsuiaunsniedtiedu uwnuanaduastuluaunisi
(3.20) aglnanwauznsnIraeveraaelaeUsyana a Auuddle 9 vudaduuidu

Uo (XY, z) =N, +u,N, +u;N, +u,N, (3.21)

g Ny, n =1, 2 3 uag 4 fie flandunisussanauneludaduudvesgunsdni

1
N =—(a, +b.x+c y+d z 3.22
. 6V(n X+c,y+d,z) (3.22)

Tnen

& =X, (Y223 = VaZ,) + % (Y42, = ¥22,) + %, (YaZs — ¥aZs)
&, = Xy (Y32 = ¥123) + X5 (Y124 = ¥4Z,) + X, (Y425 — Y32,)
& =X,(12Z, = ¥,2) + X, (Ya 2y = ¥12,) + X (Y224 = Ya2Z,)
&y = X3(¥22 = %12,) + % (Y1Zs — Y321) + X, (Y32, — ¥,Z5)

b =Y,(2,-2,) +¥5(2, - 2,) + ¥,(2, - 2,)
b, = ¥,(2, = 25) + ¥1(2, = 2,) + ¥5(2, — 2,)
by =Y,(z,-2)+Y,(z,-2,) + ¥.(2, - 2,)
b, =y,(2,-2,) + Y,(z, - Zs) + yZ(ZS —7)

C=%,(2, = 25) + %,(2, = 2,) + X4(2, - 2,)
C, =X, (25— 7)) +%(2, - 2,) + %,(2, — Z,)
Cy =X, (2, —2,) +%(2, = 2,) + %,(2, - 2,)
Cy=%(2,—2)) +%,(2, - 25) + %(2, - 2,)

dy =X, (V5= Y2) + X5 (Y, = ¥a) + % (Vs = ¥s)
dy =X, (Y, = Ya) + X (V5= Vo) + X5 (Y, = V)
dy =X, (Y, = Vo) + X (Vs = ¥ ) + % (Ys = V)
d, =X (Y1 = Y2) + % (Yo — Va) + %, (V5 — Vi)
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waz V Ao USunsvesgunsedniiusasdaduwud mlnainfnesiuuudvasdudsyansaall

Xl yl Zl

1 1 X2 y2 Z2
61 X, Yy, Zg
1 X4 y4 Z4

(3.23)

[

ANULNUEITRINARAYAsTWeE AU TunsUsER e TunauuAvwINg dady
TnalAssnunamasulunssvesleymuintogiiaslasie

3) a5 19aun1svesdaduud (Element formulation) Tiaenngedfuaunisigaeyius
vestym FetuneulliolnduduneufidiAyveaisinluyidadiuud sdradunsdaunisves
a a 3 A v oayy < (Y ! [ = l o &
daduisunsednthilaenundumegiiuandusuin 3.6 avegluguuuudiail

(3.24)
44 g U,

Fadsulnegolain [K]e [U]e: [f]eima [U]e Ao wrsnddilinsuanyesie way

[N = &

Fries e wandlvinsnuindumnindseAudadund Seunsvesdaduuddngn suduses
Qﬂa%’wﬁfumﬂﬁaamﬂé’aqﬁuam’lﬂ%ﬂauﬁuémaa{]ﬁymﬁu 9 A15AS9ANNNTVOIBARIUUATY
ogflugunuuvesannsi (3.24) anansaviilélo

~33n15lnense (Direct approach) 3aianunsaldlsansiudgmidlaldie
a1y Jaynmising 9 lugunse 1 44 wintiu sldanunsavdiureneasundas derhluldi
Yaymlu 2 vide 3 Adlaeiluls

- 33msuUsiu (Variational approach) wdnnisddayuesisnsilae suluavdesh
memudoadeiladdu fadevhnsmadigavesileituiuuds andunaliinaunisds
ouiusuaztoulvveuniiaonadesiulgmimdsaulasy egslsAnuisnsuusiudy
Fenseaduildiulutiedug seanswaunidvluidadwud Fedulnajeziduiiamid
Aeadumesnulassaine wazdslignoeudnie sududemswilsddunusiuiiaenadestu
aamm%amgﬁuéﬂuaq{]zywﬁdu q Satiggmmany q siialunsufifansaaieaunisoyius
Fulg wilslanunsamiaifundsiuiisonadostutuly

- 3EmsehaiviniauanAne (Method of weighted residuals) 33 ez 1938 n5a%7s
aunslluvidadumudanannsdeeyiusiaense Tnglidndudomeuilaity wusdud
aonndos Geanunsmhlulflunisairsaunsiiluvidediuuddmiulymlaeily wazgndn
Thduisftenfigalunsuszsgndldiutiameing 4 lullagiu
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4) dhaunsvesusardafiuudfilauiusenauiu (Assembly) Wuaunssiuveesyuy
nduneudl 1 mnulidnwarguinvesdymesniludadwuddosdslssnaudieg n 9ase
N IMANSTUUANNTITTINTIUTENBUMILAUNITEDYTIUIUNEY N @UNI5 Lnewandlaeadl

Kll KlZ K13 v Kln ul fl

K21 K22 K23 o KZn u2 f2

K31 K32 K33 v I<3n u3 — f3 (3 25)
L Knl KHZ Kn3 o K”n sys(nxn) _Un dsysnx1) L fn Jsys(nx1)

=

wiodoulnugeldail [K]ys[Ulgs =[ 16 NAUNTN (3.25) Bm3ng [K],, 944

AuautAvesnuduamEndausnns nanfe [Kl, =[KI, wariinuaudfvesnisiungy
Auveaa i v ugudus LU s NvemMIng §asddnvazey audwduuay
(Banded matrix) anaaantAginani awdelmaauslesiogannlumstauilusinsy
Aeufiamed Tngiannzodned sluneaufUaT sududedlddunluuaduduiuanniied
aznelifianataasi i ssnss lasannsataunliifvianizand ldwindugudlily
mhoarusuieldlumsdumeibu
n1sdnaun1sgesvesuaazdadwuduilsznoudud nduaunissiuvesszuy
Sududostindnnstmdnnmafiaznaniifundnnsiide awsovildlasazain wanefu
sUsevestigmidfadiuudgossmauning uagndnnisi aggninluldluniswau
ARNIAslUTUNIUAe Tngaruisariadutilalaindieg1egusevesdgmin gy
7l 3.8 nanAevginsaiaunIsTINYesszUdsUsEnaufe 6 Saduud 8 nun lagas
wanensTnvemisng [Kl, erduseea
35nsiivildlaedouaunisvosdadwudianeg ndowiimunnaavyesluuam
LnInaUNATLOIR SvasusasBadmudligndas Tngangud 35 [K],vesdadiuud

71 1 Ysznoumeluuanuieay 2, 8, 5 uag 6 @ [K], vesdadiuund 2 Usznaumelvun
nuelaw 1,2, 8 wag 5dqu [Kl vesdadiuudy 3 Usznauntsluuanuieias 1, 2,
4 uag 8 du [K], vesdadiuudd 4 Ussnoumeluuanuneas 1, 3, 4 uag 7 @ [K], ves

Sadwuaf 5 Usgnaumslnuanuieay 1,7, 8 way 5 diu [K], vesdadiuudy 6 dau

(W)

aduAAATINeUsENBUMIEINUANINEEY 1, 8, 4 way 7 lngaunsadeuwandliiulaaedl

q



(2 )
(2)|a b
[K],=®|a, b,
G)a; b
©)]a, b,
W (2
Dje
K],=@le, f,
(8)] &, f,
©)| e, f,
JORNE))
Ok k
(K], =@}, I
@ I
Gl
o @
Qm.n
[KL,=®|m, n,
4)|m, n,
(M| m, n,
@
Mo, n
[K]e5:(7) q, I
@a
G)la,
o @®
Dfu v
Kl =@®)|u, v,
@lu, v,
(NLu, v,

©)
O
9,
g3
g,

(4)

el =

(6) |

(7) |

Py
P,
Ps

©) |

N

=+

w

~+
i

(7]

<

N

w

X X X

~
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dletlvingauiiuriamauaiueulaziansmivduUsEansynmveuminduawn
dafudu Mntuthduusgdndeng 9 warduldaslummindssuusin [Kl, wu

duUsEans b; Feegluwniueud 5 unnsi 8 vesdadiuudgesn 1 aluusngegluiaiueu
71 5 402 8 vouuvIndszuuTIRLansluannis Jusu

@ @ ©) @ () (6) 0 ®)
@) | &+i,+m +q,+u f+] n k,+0, +W, h +t, 0 P+ +X g+ +s,+v,
(2) Cz+i2 a‘l+f2+j2 0 kZ C1+h2 dl 0 b1+g2+|2
3 m, 0 n, 0, 0 0 p, 0
[K],, - @ imy+u, Js n, k,+0,+Ww, 0 0 Py X l,+v,
©) e,+0, a+f, 0 0 c+h+t,  d, I, b+9,+s,
(6) 0 a, 0 0 C, d, 0 b,
M| m+0,+y, 0 n, 0, +W, t, 0 P tE+X, s,+V,
©) C;+i,+0,+U, a+h+] 0 k,+w, c,+h+t, d, L+X, D40+l 45,4y,

5)Uszyne 13 ouluvoulus (Boundary conditions) uazid ouluts iy (nitial
condition) fiaenndasiutymaduaunissuvesssuuionawaiaay Taen1suiaunis
suwasszuUiemilinsuaiiluun

6) AIAIFILUTAS 9 Adesnasdely Wensuanadwsiluunsig 9 uda
ansafuInIATILUsane Tiduusiunadndinoluls

MntuRewta 6 Juney avmiuliisndeuitlnluiBedwnd Iuisitduuuwnndy
Fudunou nefidwiiddgiianfonisasnaunsvesdaduuslutuneudl 3 Wasnndasty
aumadseyiusvastiymiitvun warludunowis 6 Suseutasirluimuntudulusuns
Aevfinmefifioraslunisiuiasely

3.5 @3

uniilfiiauenguiuasvdnnisseiisatestunuise suldun uwunned ngus
Msmemauieu eUszneusisaumeiiuauiou nalnnsaremanuieu uay
anhessdeuislaluidaduuduoy 3 3 fesureiciunousieg Tunsdmdesinlus
Sadund lneldnariamediuftasialivioduiitrgnnandrsdsduundely daiiilenu
Usgloviwaslunuimddunsinludszendldundide



unil 4
N1SANTUINLAZNSUTEULTIBUNANIINTE 8RNV L UALABI ALY
losaunuugILaznsInsEUan

4.1 uni

su1lovaslwluvidadiuud (Finite element method : FEM) 1 uASn15A U003
fLas Lﬁ@LLﬁ’ﬁﬁujmammiaqﬁuﬁ‘ﬂaa (Partial differential equations : PDE) flannsanina
wasvasllgmiidudeunazdtasssunuudnuarldlndifssiuanmiuaie Jenaaaeiild
annsmhluunatymiusuiedesiulisnde dufuluuniiddiausuuusianima
adlamanivoensnszategamnfivesiunneiaiiioslessunuuguagnsinszuon aude
Tupsunisdraemadiosudeuisliiluidedmuduoy 3 87 ieldlumsdungumgii
nszeMIveNlUnAeIAITivnlona &l 1LIAne 9 LaziilensiadeumLgnABsTedlUsLATL
Freomaiaihnmsnaseutunuioiaimeunneiaifieylossunuugauagnsinssuen
LﬁaLU‘%EJ‘ULﬁaumsmzmaqmmﬁmaaLLumma‘%ﬁ’UIUiLmimi’waaamaﬁﬁwm?ﬁu

4.2 WUUIIARINNANIAAIEATUBINITNTZANUQUNY HVIUALADT ALTTEY
lagpuLuUgILaENIINTTUDN

nuNd 3 lenanfiwmguenisaiemeaiiuseu Finsaemanusousuy 3 48 Wy
eUantagluFUNUUIIARINNANAAIENINTNTEBRUNYIAIANNISA (4.1)

2 2 2
pca—TszaT+k aT+k aT+Q (4.1)

o oy e
Tnefi T R gaunyil (temperature, °C)
P A9 AUTUILLLLIE (mass density, kg/m?)
C Mg AMUIAUTOUT I (specific heat capacity, J/kg-*C)
Q Ao USinaumudeuiinaniu (heat source, W/m?®)

K.k, uag k, Ao Adudsednsnisthnnuiousuuuilny Xy Way z anuaiey

(Thermal conductivity coefficient, W/m-°C)

ImEJa:umif\]zﬂiﬁﬂ;‘]asﬂugﬂammiaqﬁuééaaé’ué’uaaﬁﬂﬁuﬁuLam MININALRAEY
wiunse (Exact solution) suaﬂa:umsauﬁuﬁ‘daaﬁuﬁuaaqﬁéﬁuﬁuL’Jm fpuenuazdutau
unlunsuddam foiufadenldsnfevisinluvdadund wglslunsmainaiaas
TneUszanniil



37

43 msAwINNINTEEgamgiivesuunnesAiisnlassy & 1aaeng 9
aaeselaudsivluidaduudiuy 3 IR
sufouislwluwidaduudduisdnnadeiniayisnisifiussansamgadniuns

widgm udaduiimumandsiuaniildsuanuiousarldiueg1aunsnans ean

pouRnesAldlutagtuduiinnudfigaty slfmsdiuadeisinluibs Auudiie

smduazie solilluisaduudarUssnaulumeduneusg o dil
43.1 mseenuuudsdruddmiuiuiivesym

nannsvesszifouislilusidadiuud e Fuainnisutsgusisvesdym
sendufiuiivans q dufisendt Saduud Element) Tnsfinsnszdnuazussnielureud
avSadiund u isedundideulasiuasdondriulfuavauna Fe8adiumndiing 1 az

Juogfunuasdoavosiaznuil fesnsguindnuarlndifesturesatannvitla Sei

fiansanluguvy 3 id o1eglugudnuazeasunsadniii (Tetrahedral) JUnssnanti

(Hexahedron) w303 Uns4731dn (Pyramids) il 4 slufi i 9¢145 a8 1uusl 3 Unsad nii

(Tetrahedral) iilasarnifusunssiiiduiulun (Node) vidognsatiosiign Snisgunsadnih

fannsavsznouiuldidugunssdu q dnauldidusgied Ternaaaslauszannd

Auameenuiuziauuludtueguruauarsuiudad mudildlunsud Tym

WUslumd wvealn, 2542)

miAdeildRsauunneiaifielossurinfifsudnfauumialaven
a9nlas (LINIMNCoO, 158 NMC) WuUuUa (Pouch cell) YBIUTEN Microvast Holding Inc.

Tnefvunveansaiuliiiiuazainugueuames ity 3.7v/15Ah wagluUNIaNTEUen

(Cylindrical cell) Hvwiaussnulniawazanuqviafiu 3.7V/2.1Ah ¥89U3EN Sony Energy

Devices Corpora‘uon su US18650VTCa melununnes Uszneuludeigadvany 9 \aa

douviuiuianun 18 4u Inefiuunnedaifisslossunvugsiidnsasnisdouiuiuresdu

wadidudu (Sandwich) daunuunsanszuonasdidnums msdauiufurestuadiduou

Uellyroll) nelu 1 Fumadagtsznouludeiiunssuadauaniivhannegfidey (Positive

current collector) GagniAdausiuansUsEnay NMC (Positive electrode) TaAeIRIU I

H13UnTELaT 20U i1aINNeIuA (Negative current collector) gniad audasun Lol

(Negative electrode) viaadnuituiu uazuiuiuiivhunanInalnsiiay (Separator) uans

Fegufl 4.1, 4.2 wag 4.3 muddy



negative tab (Cu)

plastic case

JUT 4.1 diudszneuresuunmeiaiiieulessunuugs

- 2 TI‘\ 3

negative tab (Cu)
—— N

positive electrode (NMC) 4
and current collector (Al)

JUN 4.2 ddszneunelununinesiiieulessusuunsinssuen

positive tab (Al)
negative tab (Cu)

the cell core

aluminum can

negative current collector (Cu)

negative electrode (graphite)

plastic case [ separator (PP)
mmmmm— positive electrode (NMC)

H

positive current collector (Al)

negative tab (Cu)

en' ° | da a %
EUV] 4.3 LL'U‘U‘U']aENﬁ'JU‘Ui%ﬂEJ‘UGUE]\‘ILL‘UG\LW@?@LVlEJﬂJ"LEJEJ@‘ULLUUQ\TLLagvﬁﬂﬂﬁg‘U@ﬂﬁnﬂ

1Uswnsu Solidworks

38
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Tunseenuuuitufivestgmillilunissesmadinisnszaiegungiisayis
niluvidadiuudazasouaquituiinamuavesiuudiaes Tsasuvndudadiuudgunssdnii
(Tetrahedral) #agn13a¥1aninveslusunsy Solidworks lagifiefmuaninuazidenves
n3ngaaauds uumnesaiisdlessuluugearUsznousediuiugase (Node) 26,031 9ase
Frunudadiuud 121,552 Saduud uasuunnesaifienlosuuuumsanszuonyseneumieyn
#a (Node) 18,826 Yasio J1uuTaTIUG 89,991 BadiuuAnuaiy LLaméﬁgU‘ﬁ' 4.4

JUN 4.4 nswusansialazdadiuunvasunnesaiienleasuwuugs (Pouch cell)
LaznNIINIEUan (Cylindrical cell) muansu

4.3.2  Weidumsuszanaunieludagiauuduuy 3 IR

mseenuuUBaBsustiuansaeonuuUlivaesUsuy Tneguuuuresdadiung
fupnsnafuasinnfenadenitiidumsussnunisludadundiiumnistumalugae feiuluy
shteladdRnsanilidumsysanumeludaduuflugUsuuremsdnidgereuasuan i
wuanszuaumsidumdunmsdenldflaitumssznungludaduudiigndesmuguieg
Fonld Tnelutumeuilifumsidensuuuumesiteidunisussinunigludadunduuy 3 77 oy
auAdnvarnnsrerewaasiaslszuuudadiuudiiduwuudadulunsdvesns
ﬂizmaqmmﬁﬁqﬁ

T(XY,2)=NT,+N,T, +N,T, +N,T, (4.2)

e No, n = 1, 2, 3 uag 4 A fladdunisuszananeludadiuuduagunss
anihagesie way T, Ao AWaANSURRMUNYTLAAEIANE 1, 2, 3 UAz 4 VosuAazBadIIUA T
anwagilsntunisuszananelusaduudsunsdmvihaadeaunsaeulioglugudil
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1
N =—(a +b x+c y+d z 4.3
6V(n X+Cy+d, 2) (4.3)

lagdl vV Ae YSuinsvesiunssdntdqase damlaainsinesiduuuvives

Xl yl Zl
X YA
vz T Ve % (4.4)
X3 y3 23
X, Yy Z4

& =X, (Y22Zs = ¥3Z,) + X5 (VaZ, = ¥22,) + X, (Y24 — ¥4Z5)
8, = X, (Y2, = ¥125) + X3 (Y124 — ¥a21) + X (Yo 25 — ¥52,)
a3 = X4(y122 o yzzl) + Xz(y421 o Y1Z4) a X1(y224 o y422)
a, = X3(y221 - Y1zz) + Xz(ylzs - Y321) + X1(Y322 - y223)

by =Y,(2,-2,) +Y5(2, = 2,) + Y,(2, — 25)
bz = y4(21 - 23) + yl(ZS - 24) + y3(24 N Zl)
by =y,(z, - 2,)+ Y,(z,—2,) + ¥, (2, - 2,)
b, = Y3(21 —2,)+Y,(z, - 23) +Y, (23 -17)

C, =X%,(2, —2,) + %, (2, —2,) + %, (2, = Z,)
C, =X, (23— 2) + %(7, —2,) + %,(2, — Z5)
Cy =X, (2,-2,) + % (2, = 2,) + %, (2, - 2,)
Cy =%3(2, =2) + % (2, = 25) + %, (2, — 2,)

dl = X4(y3 - yz) + Xs(yz - y4) + Xz(y4 - ys)
d, =X, (Y, = Ya) + X (Y5 = Vo) + %5 (Y, — Y1)
dy =X, (Y, = Y1) + % (Y = ¥a) +%,(Y, = ¥2)
d, =% (Y1 = Y2) + % (Yo = Vo) + % (Y5 — Y1)

¥ v a a s
4.3.3  n1safeaunsszaudadiaug
Tunouihdutuneunddyigauesszsifouisinluidaduud Jadunsad

aunisluszrudadwudliaenndaeiuaunisseyiusvesdam dwsudagninisaiowm
ANNTOUVDLUALA DI TN DO LA TORANIAUN TR URUSRERIEUNIST (4.1) Fauans

Anauniinaad
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2 2 2
pcgzkxaz+kyaz+kzaz+Q
ot OX oy 0z

Uszgnaldseeuishlundadwudiomszuvaunsdadu Ingefeisnis
WwniAwanA1a (Weighted residual method) fag35vaenaesau (Galerkin) dsludagiu

& aada a' Q Vo ! 9 U a a sy a1
Lﬂu’]ﬁﬂ/l‘UEJQJ‘Vlq@IUﬂ75U5$E§ﬂﬁlﬁﬁﬂUﬂ€yW'}ﬁqﬂ ] NTATNAUNIITEAUDAALUUANIYITOIY

(%

PIMUNLAYANAIENANNITAIE NshknuARaRaslngUssuuastiuaun1syn (4.1) Ingazly
AeliAnAINTUALE wivzdidwindu R uanalanadl

oY

R=pc—— +k +k (4.5)

ot “ox* eyt tor?

2 2 2
Gl [kaT o1 aTj_Q

g1 B Foninavnndns Residual) WuAAuamaedeuiiiintuainnsld
wainaslaguszana ddlilvnalaasusiunsavesiym Welilinalasfifssmsanniianas
nsgyilalag N1IAMLALANATY R Freflasfuimdn W (Weighting function) wda8uilinse
paeealamLDIBaRiuRTY warsuuanaRilAlmvTurug il

[w,Rdv =0 n=1,2 3 uaz 4 (4.6)

dnsuBadudsunseanindansie Felanseriadnlivsiudn deudsioans
4 aunistunisunvyankinsivand lneundazidanty W, = N, (Lerch, 1990) ai58n

[

Julun-n1assAu (Bubnov-Galerkin) AU DWNUAT R ASBEUNTTA (4.5) adluaun1sh
(4.6) azle

2 2 2
INn pcﬂ— kxaT2+kya1;+kza-£ -Q (=0 (@.7)
v ot OX oy 0z

WONNAUAISY eYINIsHIsUn azld

2 2 2
anpca—Tdv—an |<X8T2+kyaT2 kaT dv — jNde 0 (4.8)
J ot ox oy oz

Tnenaufiaeswesannisi (4.8) \Wuaunsdseyiusousuiias Jaenaans
mANaLRay J9denleion1sduniinIaiazaiu (Integrate by parts) Imiwqwgumauma
(Gauss’s theorem) uJaauammiLmauwuﬁaumuaaﬂmﬂuaumwm mmULmeu

fu(vV)av = [u(V-A)dr-[(Vu-V)dv (4.9)

\ r



e [ Ao 99UAAUUBNYRI9aaIUs V waziUSsuiisuiunaufdasaunisi (4.8) azla

u=N,
V= —f+£]+£l€
ox oy oz
Vek ik 905 ka—Tk
oy

1Y
Y

WaLLlaa9In A A9 LNMBSNTINUBNAIRINAUVULIAVBIDARLIUA T

fi=n,d+n,j+nk
o
Voizk Zn vk, D vk, Dn =g
oX Yoy ? /4
U(\7 ﬁ):Nn(kxa_T x+kya_Tny+kza_T z}:Nn(_q ﬁ)
oy z

OoN, oT oN, oT Lk oN, oT

Vu-V =k, —1—+ { —
X OX yaya'y oz oz

FITUAINAUNTTN (4.8) FnFsuaunsinlaeadl

oN,oT | oN,oT | oN, ot
N —dV +k, S S GV - [N, (=q-A)dr
J e j( xoo Vyy a 52] 'r[ (-a9) (4.10)

—ande =0
\Y

PMNFUNST (4.10) Wesannniglulnuassuuanes (Cell core) Usenaulumieigaa

& I3 Y d' =~ o Y] 1
a1y o Tuwaduszneusiuiuduantlusun 4.1 uae 4.2 Fallvwinanuvunvesian lumie
Tulasiums Wsgasd unal 7 vl s@1uIsanIANLe8 9AMUNUILLUYIBINIE (Average mass
density) LLazﬂ'WLaﬁ'aﬂaqum’m%auﬁi"n,ww (Average specific heat capacity) Aelunuuey
WURLB3 (Wang et al., 2017) lansil

a2
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Zimi Zipicivi @.11)

Peai = WaE G =R
Zivi Zimi
JCE Aa Jan (material)
Pen AR ANMWMLUNBIIAaNEluLNUTBUALRAES (Cell core mass density,
kg/m?)
Cor AR ARANUTOUT NN AT ULNUVBILUALNBT (Cell core specific heat

capacity, J/kg°C)

WAL d09vesaNn1Th (4.10) ArduUsEAns n19rAuTeu (Thermal
conductivity coefficient) aunnaLAY X, Y tag Z é’qgﬂﬁ 4.2 Funuin wunmes A
lapaunuuge (Pouch cell) fidnnINLwILAY X Way Z Insdouiuiuvesianludnyue
yuuiu uagunu Y Jandeuiuiuludnvareunsy luihusudefudefannsanwuaines
Asulessunuunsanssuen (Cylindrical cell) AnduUszans nsthauSeumuRaLAY
X, Yy uag z (Wang et al,, 2017) wildFaunnsi (4.12)

Y kv
k, =—< way  k =L (4.12)
\"A P vV
Zi' cell
iki
lnedl Kk Aa AduUsEAnSnIsinANTeUvesTaRdauiuR UL UUBYNTY

S
(Series thermal conductivity coefficient, W/m°C)
k Aa AnduUsEAnSNIsIANTeuTasTARgauYIUA UL UYL

(Parallel thermal conductivity coefficient, W/m°C)

s Y @ a_ a = eal N wa
WaTNUINLAYITRIIUVBULIAN B UBNYBIBAG LUUAADNIUNEYN NilAMEUUTR
NNABAIN AD BRTINITAIUNAIIUTOUNDOAVOUUDNVDIDABLNUAUY ) UINDAALUUAT

fasanegluusnaveuuenvesluanesiiiedlessuy Fulteulvveulunvenismanuiou

(%
c ¥V A

I3ununauiimetoulunisniauiou (Newton’s law of cooling) AsauN1S (4.13)

q=h(T-T,) (4.13)
Tne?  h Aa AduUsransn1sniAIuseu (heat convection coefficient, W/m?-°C)
T, Ao aun)ilvese1niAlagsau (ambient temperature, °C)

saaa sa a a % A a X o £ o
LAZNAUNEADNAUNNAINNUITNIUANUTDUNNEAVU QﬂW@Ju’]GUUIJ 1984 I@EJ

Bernardi et al. FaUSunaumnuseuniasstunglununnes awiansuned 3 @i A Ui



aq

AausouaInuasenlniadl (Q,) wazusuiaausauannszualvitlvaneluwnu
LUALAB3 (Q) ImEJLLmumwmieﬁwmm%’aumalul,mwuaqu:umma’%lﬁgwumamﬁqgﬂﬁ 4.5
yonandiiivinunnudeuiiadaiuannssudlwarundivlng Qo) Wewisunmniny
Youynanuansanfuasauandldfannisi (4.19)

intercalation/de-

reversible heat (Qs) intercalation at cathode

: intercalation/de-
Heating (Q..; )}

intercalation at anode

{irreversible heat (Q;) Ohmic heating

E“LJ 4 5 LLNUﬂ’]WﬂT&ﬁiNﬂ'ﬂMi@‘UﬂWEJEL‘LJLLﬂ‘Ll“U’PNLL‘UG]LGIE]?

2

I PR, 1 (1
Q=0 +Q, +Q =-TAS + + (4.14)
L nFv,, Vv,
cell cell O-tab Aab
g7l AS  Ae oasinsidvullateulnst (entropy change, J/mol-°C)
I fin Arvesnseuabiinluanu (operating current, A)
n Ao ﬁ?ﬂizﬂ"uaﬂﬁlﬁﬂmiau (charge number of electrons, 1)
F AD ANAITIVBINIST AL (Faraday’s constant, 96,485 c/mol)
V., A9 Usumsvesnuwunees (cell core volume, m?)
R,  fo A1Rus U uneluivunvounuwunnes (internal resistance, Q)
Ou P8 fan mn1sinlindinvesdan (electric conductivity, S/m)
A, o Nuivihdavesunulnih (cross-section tab area, m?)

$lavu 91naUNISN (4.10) Fenansudu

LT, N, aT
ijc—dv j( xax ey 52 azjd jN h(T-T,))dT

—INH(QST+Qj+Qt)dV:0

\%

(4.15)

[

nEANMST (4.15) 303 sUlmlvglaaunsinlunsadwudluseaudaduunsiai



a5

[N, T v I Mo 0Ty N, O aN, OT jNthr
ot * OX OX oy 6'y oz oz (4.16)
~[N,Q.TdV =anhder+andev + [N, Qav
\ r \ \
Hesndaduudzunssdniiianundaade vinliaunssedudadiuudd

anue 4 aun1s Feanunsadabiegluguumsndlaciail

(0o Tov [ 2] Lo [A] T[] Ty
\Y at vV a 4x1 8)( ay 4xlay aZ 4x1 82

+I[ N ]4><1thF _j[N ]4x1QSTdV - j N 4x1hTocdr + _HN ]4x1QJ'dV + J.[N ]4x1Qth

r

(@.17)
nilandunmsyszananesluluudadunlauanadaaunsi (4.2) Inlviegly
sUmsnglagiail

T(X’ y; Z1t) = [N ]lx4 [T ]4x1

o & aT [oN ol _| N oT _|oN
PINUU —_— = |::| [T ]4)(1 s A~ = |:_:| [T ]4Xl 'y W\ — |::| [T ]4)(1
1x4 1x4 1x4

OX OX oy oy 0z 0z

oT c
ey —=|N T (4.18)
8t [ ]1x4[ }4)(1

dlounuaunisi @.18) asluaunisy (4.17) azld

(R RS
v OX Lo L OX Jiya oy 4x1 oy 1x4 T Jya oz 1x4 '

{INLupelNL (T} +[INL AN O[T, - [NLQINL V[T, @)

4x1 T

JIN, f.ar+ [[N], Qv + [N], Qv

Weuauns i ludaduuddnsunmnasdaduunNusenaume 4 @unis eaad

(€l ][R L+ K L KL ST = Qb+ QU+ Qe @20

™ = a ¢ 1%
Toeit  [Cly, Ao wwindmmuganuiou
[K. ], #o wmindmsiieudou



a6

= a 6 v
[K, ], fo wwdndmsniaudeu
[K,],.. Ao wninddnsimsideuudaseulnd
(Q},, Ao Wannnmeiduiiewnanmsmaruiou

{Qj}4 X fo Tnaannnessuliosnainnszudlnaniglunnununines
X!

(Q},, Ao Waannweiduilonnannszudlasiuuiuli

LsngANNYANTou [C]4X4

70 [C]4x4 = “N]4x1/30[N]1x4 dv (4.21)

\
AN (4.21) MNAIANUNUILLLING o UagAIANYANNTaUT NI ¢ TR Aatiy

[C]4X4 = mJ. Nn deXdde na m= 17 2’ 3} 4 (422)
dunisi (4.22) danusadnaldaeliansigaiiusenau (factorial formula) (Ba1
n58d Tau, 2558) Tun1sUsEUIunSURNTNNaaAUSLINSAIEUN1ST (4.23) azle

Ihicid!
iy = alblcdt g, (4.23)
; (a+b+c+d+3)

91naun1si (4.23) awnsanenfiansundu 2 nsdl L, =L, fe L, =L, waylu
nsdl L, =L, 9zveundiegslun1siaisangaded 2 veegunsedn deatle b = 2 uas
wananuuazdAndugud daluanaunisi (4.23) agla

0121010! 1V

= =— (4.24)
(0+2+0+0+3) 5 .20

[Lidv =
\%

waglunsdl L, # L, azveundedslunisiiansangnsied 3 uay 4 vesgunsani

gl c=d =1 LLazuaﬂmﬂﬁu%ﬁmLﬁu@ué FetUAINAUNTTN (4.23) azla

| |
oour 6V _V

Y (4.25)
(0+0+1+1+3) 5 20

fLLidv =
\%

lnafignredu q vesgunsadntifaziasanludnvusiediy auaInaunis
(4.22) aglel
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Vil 211
H“*“=2_01121
1112

wvisndnsthenuiou [K. ], ,

oN oN ON
e [SLIEL S LISL S
” OX Jpa L OX iy N loal O lia oz

WALANNAUNISA (4.27) YINNNSwUaIsEUUANNISIAY

N, b, oN, _c, ., N, _d
x & oy eV IV

WNEUNST (4.28) adluaunisy (4.27) avla

cE d d
= L _n otk dxdyd
LIk o o [ ok gy e

1
" 36V

1
[ K ]4)(4 36V

— (k. [bb, ]+, [c.c, ] +k, [d,d, ]) [ dxdydz

——(k,[b,b, ]+k, [e,C0]+k, [d,d,])

a s b4
wvisngmswemdeu [K, .,

N [Kh ]4x4 > _“N ]4xlh[N ]1x4 dr

T

Ll

ar

(4.26)

@} ]dv @.27)
az 1x4

n=1,2734 (4.28)

nm=1,2 34

(4.29)

(4.30)

A a i Y a a a ¢ o a = <,
LBNATUINITANELNAINNIDUVUUIUINTVDIDAALLUAAIANNTTN (4.30) 9nanedu

K)o =N N Nodxdydz — nm=1,2,3,4

(4.31)

aun1si (4.31) dannsarnalasldansieinusenaulunisussuiunisduiings

AenasnUsuing azle

2 111

hv|l 2 1 1

[ h]4x4:% 11 2 1
111 2

(4.32)
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wnindgennsdsuudaneulnst [K,], ,

NN [KS ]4x4 = _I [ N ]4leS [ N ]lx4 dv (433)
\Y

AS
nFv

cell

'Vi%a [KS ]4x4 = I

[ NN dxdydz (4.30)

v

aun1sh (4.34) ldgesidsinlszneulumsuszanamsduiinsaiiinnaenusuinslacad

2 11 1
AS YV I[1 211
Kl =| ! — 435
[Ks Lo ( anceujzo 11 21 (4.35)
11 | 'Y
Tvannawessuilesnanmsmanuiou Q,,,
{Qh}4xl = _“ N ]4x1hToch (4.36)
I
w50 {Qulua =NT.[N,dxdydz  nm=1,234 (4.37)

[

aun1sh (4.37) lgesdeiuseneulunmstssanunissuiiinsaiiinnasny3ung sl

-
hT V|1
{Qh }4xl = T4 |1 (4.38)
1
Tvaannwessuidounannszualnanislunnuuunned {Qj}4X1
{QJ }4x1 - J‘[ N ]4x1QJ’dV (4.39)
\
o I°R,
130 {Qj}m =—"0 INndxdydz nm=1,2 34 (4.40)

cell
aun1sh (4.40) lgnsdeiusznaulumsyseananisBuiiinsaiidnnasnusunsladed

1

I’R_\V |1
{Q,-}4X1=(V '”]z 1 (@.41)

cell
1
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Inaannwesduliosnannseualvarmunulnih {Q],

{Ql }4x1 - _“ N ]4><1QtdF (4.42)
r
2
o 111
n3e {Qt}4x1 A INndXdde nm=1,2 34 (4.43)
tab ab
aumsfl (4.93) WanadewusenavlunsUssinamsduinsniidnnaenysaneslddad
1
1 (1 Yv]1
{Qt}4x1 = _(—j o (4.44)
Otab Aab 411
1

4.3.4  msuitgnaeldanuzdang

msuitgmaelfanuzdngaglisenuduiusdoutiuin Tnsaziidnumy
vosnadwitusgiuan B fidenld fuansluannisil (@.45) Tny At Ao A1vesdianian
(Stepping time) Ineddenld S = 0 agiluisvesensians (Eulen) 61 B = 1/2 1 0uiSves
wAsen-Hlaadu (Crank-Nicolson) 91 A = 2/3 [Juisvesnaesau (Galerkin) wagan g = 1
wiFoni Bwashsduidesdounds (Backward difference) dslunuilidonldiinasisduiies
foundsiaaunisdl (4.45) 1109910359 SuUseAunsq i1 vesnad NS uaTHaR NS aEiinTg
Wasuulasegaselies

ﬁ{f}nm +(1- ﬂ}{f}t N i }HMA_ T (4.45)

t

{T'}t+At Ul (4.46)

At

NNITHABN IS AIUINTNLABANANG WNUANEUNISN (4.46) ashuaunisy (4.20) 39la

[C]{T.}HM +[KJT e =l (4.47)
(i €]+ [K]j{T = ey + o (4.48)

At At

I@Uﬁ [K]=[Kc]+[Kh]+[KS] oy {Q}Z{Qh}“L{Qj}"'{Qt}

435 nmsUsznavaunsaaauusIuduszuy
Jupauididunisinaunisvewrardaduud i e unusenausuiud udy
AUNITINVDITEUU FadmnuUsdnuaizsussvestymesniludadwudges 4 FaUszneu
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LUaag n 9ase eAelmAnTeuuaNNITIINTY FIUTENOUAILANNTITERENINUA N AUATT
5 Izar U lAaNNITINYDITEUUAE

L R 9 8 St B R (€.49
43.6 nsUszgndeuluFudunazteulvvauanioumidnaiaas
sf]jumaumimmmaLaaamsmzmaqmmﬁmmmema’%' 391NN ivUA
Soulvsudusaydoulvvouinuinasiieg Wiuwumnesafionlooousd
- quufiisuduresngadia T (t=0)=25°C
- 9univeIeINAlAgTAY (Ambient temperature) T, =25°C
CAaduUssd s n1swaAa1uT U (Heat convection coeffidient) h =
7.17 W/m?°C (Jeon and Baek, 2011)
- SommsmeUszalifiuuuasiivesuunineiaifienloosuiuugs (10) = 15A
- SommameUszglitiuuuasiivesiunineiaifieslessunuunssnszuen (10)
=21A
- At (stepping time) = 1%DOD

4.4 Fmveseufieg199sareluanaIaionlassuLUUnIANSINTEUEN
dwsugunsalildlunmsmaaeunsmainsnsznsgamnivesuunineiaiiioslessy
LUUDILaENTINTEUaNY uazUsEnauR1Y Aeuiumed szuululasneulnaiaes
(Microcontroller) 1A% 89@$19n15¢1wan (DC Electronic Load) wna 99 18useiuluii
(DC Power supply) wulwasingaungil (Temperature sensor) vinusuuwmesludula
(K-type thermocouple) kaziummedaiiisslessutuuginagnanssuen desneazdonuay
Arfidavesgunsaifinarangidelddoulilunianun n. ddlusuifedasnaaounsans
UsgalwihnelddnsnmaneUssadenssuauuunsiinuansiety wiouriansatngangd
voauunmeIafioulosauiiaesuuy Tnefidunounisvhauded
dmdumsnaaeunisaeuszqlniiwesiunnedaiiienlessutuugauagnsanszuen
e unsmagey uummes alfiulessudesiiniugluinegluaniusgida (100%SO0)
Mndussssamanelszlnihuuua 1Crate findasadensyivaniiofonszudlud
DONYINUUANBITILIU 1 Whsnuhemuaesunnes daisimadeunsneseq i
\3esaiunnszinanazUiurnnauiununelufuedes ledsfuliuunmedaelsyy
I uuuasfisnedns) 1C-rate n 9 Uanuauadildluvesuunined 19%D0D iwulwesas

a [

nvdinA1gumgdanuafimesludulladuda uazifeudyarumismenin (@aumgil) Wu

[

doyaaunauaudinddiin (wssdulnihnssuanse) mntululasaeulnaeesazindyyin

AR}

a

b laluawiandugungd wsauiatufinuazsuansrnaansvesgamngiiaiuy

Y
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AOLTIMBSAUNTILUALADI Az AEUsY alwﬂfmwm (Cut-off voltage 2.5V) Mntuay wna
ﬂivmumiamﬂsvalw%nwamLLummasuﬂm']u‘Lmaﬂma Imau:ummaiamamlaaaumaaa
WUUITYND mﬂiuqmwmwmlﬂﬁmwmw 1C-rate aUNTLUALABS Az T da1uzLiy
(100%S0C) LLav‘va]mimaaumimamvalw%%ﬂ IG]EJﬂ’liLﬂ?ﬂiﬂuﬁm’m’limaﬂﬁuﬁﬂi/\lﬂ’lLL‘U‘U
aafifu 2 way ac- rate mmmwmmamwm LAYy amwmaﬂmlﬂﬂ%wumm 3 LAy 5C-
rate ﬁ’]‘VIi‘ULLUG]LG]@iLLUUVIi\‘iﬂiuUE]ﬂ ALY INTUYNSAE Ut URB U ILIATINg 237
Fudusuau 2 seu WlemAadsvosransagey Tnswnun mmsiiousaiasuaznnnng
maaumsm8LLazé’mUszqiwﬂwaau;umLma‘%"éLﬁauiaaamwuqaLLazmmssuaﬂmmsa
nanaldisagul 4.6-4.9

Model validation of pouch cell

Discharge

DC Electronic Load

Microcontroller

Battery testing Charge I

system

DC Power Supply

Excel Max6675

Temperature sensor Thermocouple

K-type

JUN 4.6 UNUNINNITWRNADIAINIIABLAEEAUsER v wunmeIaieulorauL U

guﬂ 4.7 m'mammaﬁ]imaamﬁmsJUsualw%waamemaiamaﬂaaamwum
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Model validation of cylindrical cell

Discharge

DC Electronic Load

Microcontroller

Battery testing Charge

system

DC Power Supply

.
Temperature sensor Thermocouple

K-type

JUT 4.8 WHUNINNITWRNADIMATNIIABLAEEAUsE Y e IwUnmeIaieulosau
WUUNTINTZUDN

Battery holder

Temp. sensors

Max6675

Thermocouple

Battery testing system

K-type

Arduino UNO

JUN 4.9 nsiWeuieIRTNaaeUYRLUALmaIaBLlagauL UUNTINTTUAN

45 &3l
Tuunilldausiuuitasmentiamaniveslymnisnszatsoaumgivesiunines
dvieulesau FeuuudtaemadamansazeglusUvesauniseuiusgoududuasd N3
Uszgndldisinluidadiuuduuy 3 95 iiemuinmAIn1snseaggumginegIsasdimin
v &a dy U ) a 5 & fa a (3
WiwAnA1vaINIaesAu lnedunaue 9 ssgninludssavgidulusunsulnluridaduud
dielddulusunsudassua swdahaueisnisageuiiegnasweuunmeidifisulossy
ntudvansnedeulUWssuiisuiulusinsudnasananUssAvgiu Faasnanluundaly
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[} F% =1 a d'a =
Nﬂﬂ']i‘ﬂ']’dé]\‘iWi'e]&lLU%EJUWIEJUNaﬂ'TiVIﬂﬁ'e)UT\]N?JBQLLUG]LG]@iﬂWIEJ%Jl@@@U
LLUUQQLLE]%VINﬂi%‘UE]ﬂ

51  unmi

Tuuniiifagusrasdifioanuasnaaeumansznegungivesuunneiaifiodlosey
LuUQulagnsansruanmelddasmImeUsggliiuuuasiinuandratu ielvlduanisdaes
LATKANINAADURIDE 1993 dufuntsdumnanszegumniluuniasldseouisinlus
Sedluduuy 3 Slummnzidgmaeldanneting TnseznaniseaziBesvesuuinuaz
Armsdnesengg Aldlunisdiaeina wavesureianisieureduswnsusiasinadiessdeu
FBluidadund dagneenuuulivhamuuiiugiunisldnuvesiusunsy MATLAB wiouiiana
N1sNAERUR10e199399ldndanTIaTuANToukazulEesmas AU ad s un1saasuy
MnduFeudfisunadnsilaa 2 38 edilusunsusaemailldfaniululdesniuuuunnes
Tuundald

52 lansadwvadlisunsudnaeskansnssanggamgiialesaiouisiluvidaduun
TUsunsudraeswatiiodinwnianisnszansgumgivesuunineiaiioulosounuuguay
n39nsruen AnnsUseRvssndeuis nlundadwustuulusunsuneuines iy
melUsunTI MATLAB AnidnuaizvasaneLardadiuuniiveulnunlusunsulwlundadiuusiin
Mnmsasandalaglsunsudnsesuiie Solidworks dmsulasasisveslusunsuduannis
mzmaﬁaﬁumqmmﬁmmmLwluvl,mmsLLmuQﬁﬁm‘f
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Gudunisineu

a%'nn%mgﬂmﬁnﬁﬂﬁﬁ'usxuu

AMuuALIAazAWITLADS

adedunsszaudadiuun

aFauvsndszuuaNnisIIN

AvuateulvvauLun

LWLIaN

uilgyszuvannissaNom A ungll

\ laile
naAugn
l 19

Fudan1svineu

JU 5.1 unuginmsaniiuanuvedisunsudiaowa

MNUHUYIN 5.1 uansdslassainsvedlusunsudnaesravesszutlae i eliiAneny
wilsfiomnivedusunsusazai lnesuiefaneasBuamniing  wWudumeu dweluil

fumoudl 1 a¥randngunsadmiliiussun « dunsudagldlusunsy Solidworks lu
msafraningunsedniliiuguinsvestiym affe wunmeidifienlossunuugnas
NIINTTUDN aqﬂﬂ'ﬁuﬁﬂﬁﬁayjaﬁﬁ’mﬁ%mmmq 9 maﬁaﬁmuﬁgﬂmﬁuﬁwmLﬁ’ul’? ieldfasa
aunsinluvidadiaug

Fumeudl 2 fvuanawazAmines : Wannsuagduvinudonisimuadd
Sufuiinan t=0 swdstmuadimsimesiduwarliduey funavestansin 1 vos
wummeiafinlessuuuugiuazrsinsruen Tasnuideildtnundgungiveauunned
Aiieulossuisudumiiiy 25°C

fumoudl 3 WaunsuagliiBnsdundaduudiurindsunsduiidgadevamn 1
Sadluudiannis (4.49) fildinasnanunnouvtnuastihsnuandsidsaunisd (5.1)
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1

1 tat 1 t teAt
IR I L R LR 50

Tne {T}mﬁa ANMBUYIEUNSTAWINALULARESEU SAUDIANUdUNUSVRIDa

UAIMTNEAUAIUTOU [C]4X4, wvsndnisnauiou [KC]4X4, WNINGNITNIAIY
ou [Kh]4x4, wrisngsmmnmsidsundaseulnsd [K,], ,, Waannwmesduiewnainis

NIAINS DU {Q} , Waannwessulloaunannszualvanislusnununaes Q.1 uay
hfax1 1) axa

Tnaannmessuiioanannsvudlvaruuivlni {Q ], | wansdvaunisiuamudi

Tnpfiuvinduazivananmesvaidasgnaiuiniiazdadwud wetluadadussuuam

Sngaun1ssiuse b
21 11
mVvil 2 11
cl =—#~Y
[Clu 20101 1 2 1 (5.2)
1 1 1 2
1
[KC ]4x4 = W(kx [bnbm]+ ky [Cncm]+ kz [dndm]) (53)
21 1 1
[K.] -\ (5.4)
hlaxd T o0y 1 N\ :
WiVl o 2
2 1 1 1
AS vil 211
K = —
[K:L ( ance,,]zo 1121 (5.5)
111 2
1
hT.V (1
{ h}4xl:T 1 (5.6)
1
1
IR, V|1
{Qj}4xl_[vce” J4 1 (5.7)

1
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Qly =—|— (5.8)

2
11V
O-tab A\ab 4

N T

JUABUT 4 ASNUUNSNTTLUVANNITTIY : WUTWNTUILYNMTNNSIND AR U NDE Be
dnduamndgniseninssuvaunisyin lunsdiigusweslymiisaugedewiniu n qa
#9 LNBIMANTEUVANNTIINTUTENaUIUAEANNITEDEIWIUTIEY N @UNNT LAAIAIH

(e # KD JTH = [T T + QI 59

At At

Tupeud 5 Auundeulvvouiun | funeuilvsunsuazdssgndideuluSudunay
Jouluveuinsingg deuudsruvaunismy Tnedaudassruvaunisrndlduansnouniind
Taonndaaiuriteuls Felumuiseildsmundoulusudusasdoulovouiunsing o fil

- qaumpfisuduresyngade T (t=0)=25"C

- gaumgiivesernalaeseu @mbient temperature) T, =25°C

- AdudsyAvsnismnaudeu (heat convection coefficient) h =7.17 W/m?-°C

- é’mwﬂﬁmwﬁx@lw%uwmﬁmmmemaéaﬁamlaaauuuuqﬂ (10 =15A

- $anmsmevszaliihuuuasivesumnedifieslessuiuunssnszuen (10) = 2.1 A

- At (stepping time) = 1%DOD

fupoud 6 uitlymszuvaunmsnudiomagamgd | Wiunsuasshmiufaunis
Badusaannisi (5.9) o HALRALYEITTUUALNTTIN

fumeudl 7 nanduae : Welusunsufinnsanmsmuusanaslusoudaluuda win
szezaiituuslunsiunmaeasdiliduan TWainsuazdeunduludusuiiduneud 2
SnA%s worduunrudrauiiunoud 7 W auﬁuaﬂimammﬁ%ﬁuma

5.3 iﬂﬂazLﬁaﬂ%uﬁﬂLLazﬁWWﬂsﬁﬁma%%amumma’%ﬁLﬁa:ulaaau
swaamﬁstJmmLLazﬁﬁ’mamumma%Lﬁaﬂaaaul,muqqLLawsaﬂiwaﬂﬁiﬂumﬁ%’aﬁ

iéfLLamé’agUﬁ 5.2 uay 53 muddu TudsnsiwesildlunissiassavesunneIsaed

LUUMERIS I S9T 5.1 LLaz'gﬂﬁ 5.4-55 (WUAWE3ETHe Microvast wa Sony AUSIRU)
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b——60mm —|
Zﬂmm 0 35mm
25mm
100mm

7mm
|— 200mm _—

P a a v Aa a
E‘U‘Vl 5.2 378@3@8@LLﬂ%‘WﬂWU’EJ\‘iLLU@LW@?@LWH&JI@B@‘ULLUUQQ

Cell core dimensions

- outside diameter 17.4 mm

- inside diameter 3.2 mm
- high 59 mm

Tab dimensions
- thickness 100 um
- width 3.5 mm

- high 11 mm

a v

SU#l 5.3 neaziduauasiitavesuunmeddifioulossutuunsensyuen

15799 5.1 Ansdwesildlunisdnasmaresuuninesiiiiolooauluuguasnsinsyuen

Fuay p kg/m?) K wWm-ec) | CUkeC) | 0 MS/m) | wu1 (um)
LLﬁUlWﬂ’]%’JU’Jﬂ (AL 2,702 238 903 37.8 -
‘ﬁgamﬂ (NMC) 2,895 1.58 1,270 - 70
frsunseuatauan (Al 2,702 238 903 - 21
wiuludindrau (Cu) 8,933 398 385 59.6 -
478U (graphite) 1,555 1.04 1,437 - 79
Frunseuatiay (Cu) 8,933 398 385 - 12
wrufal (PP) 1,017 0.34 1978 - 25
LﬂﬁLLUG]LG]@%LLUUQQ (Wanain) 1,150 55.1 1,900 . 150
LﬂaLLumma%"LLuumﬂswaﬂ (A) 2,702 238 903 - 300

p kx, kz =2671
LNUTDILUALADIUUUEN 2,272.38 1,225.35 . .
ky =0.983
LNLYBILUALADS kx ' ky = 0983
2,272.38 k 1,225.35 - -
LUUNTINTZUDN L= 2671
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Turuisedazfinrsaniswdsunvaeulnst (AS) vl LINIMNCoO,/Cs

(NMC) TognasiunisilasuniasaulnsUuaskunmasiuaniasiuiwad (Viswanathan et al,,

2010) @NSOaARI ARl

-20

-30

deltaS (J/mol.C})

501
-80 i

-70

-80

40+ |

gﬂﬁ 5.4 nswasuudaneulnsd (AS) 283 LINIMNCoO,/Cs (NMC)

0.2

0.4 0.6 0.8 1
state of charge (SOC)

wagA1ANsunIuntelunie (R,) vesiunnes aienlosounuuguway

7159n58UNTAbAA1INLAS Balannaayu Chroma Model 17020 @ 4lawanslilunianuan n.

ANUSOLARINANITIN AR

NMC Pouch 1C
NMC Pouch 2€
‘ NMC Pouch 4C

Interal Resistance (Ohms)
w

el

0.029 ——— H
NMC Cylinder 1C-rate |
NMC Cylinder 3C-rate
0.028 | NMC Cylinder 5C-rate

0.027 ¢
|
|

0.026

0.025

Interal Resistance (Ohms)

0.024

0.023 -

0 0.2 0.4 0.6

Depth of Discharge (DOD)

N ! v & da a
ELUW 55 ﬂqﬂ'ﬂqﬂmqum’]ueﬂqﬂluvmwﬂﬂmaﬂLLUWL@@?@LV}UN'IQE)@ULL‘U‘UQQ

0.8

0.022

1 0 0.2 04 0.6
Depth of Discharge (DOD)

LAZNSINTZUDA HINAIAU
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5.4 NAN1IINADINAY N'G'iﬂ’]i'i/lﬂﬁ’EJ‘Uﬂ?@ﬂqﬂﬁliﬁﬂax‘iﬂ’]iﬂiuﬁﬂﬂ@m% QE‘?TVI%J‘U

LL‘UﬂLﬁ@'ﬁﬁWIEISJl’?]E]'E]‘U Lilaﬂ’]Elﬂﬁvﬂ‘l‘l’\lﬂ’]ﬂqElﬂ'i“’LLﬁLL‘U‘UﬂQVI
mﬁmamwamﬂﬂaummaﬂcﬂiﬁﬂmﬂiu MATLAB Tun1suszhvglusunsulnlusn
Sedluuduuy 3 07 dmiuiuadnsnszanegamgivesunneiaiiionlessuuuuguas
yisanszUen wiewansiadeumusiugwedusunsudaoma Taglfisumeimosluduila
LazndosnTatuANudeudmiunaaoULUNLADIFBE193 Ingazianmananinuay
nsleudiiudvesgunifiAntu Inedivdefivsiiauadsil
54.1  HaN15310UATHANIINATDUA 2081933 18 mTUNINTTAN U T VB
wumne’ auiealesauunuugs (Pouch cel) Wlameuszylniindaenszus
wuUALH
MnUTInumLTauavesummeIaifieulessusiin NMC wuuge 15 Ah
TuAdedldimuadasnismedszalifuuuasiivosumned &o 1, 2, 4 uay 8C-rate
AMEIRU ()Corate dvdulunmeivavenia snainsmsuszalinaununiensznawuy
Asfid U N Wi vesUTinueuuUmmeITaven Tagldaan 1/n dalus fadu 1, 2, 4 uag
8C-rate fio 8M5INIABUTEYINTaunIAfEnTEIaLUUAITIILAL 1, 2, 4 uaY 8 WWinveq
U'%mmmmmwmma?ﬁgwm Faflawindu 15, 30, 60 way 120 A Ineldinan 60, 30, 15 way
7.5 wnit audy agiuiesuandeesdnsinismedseqlaiiged demalvissezinainis
AeUszgliilaniiy feduiadtssseganiinanandieiu gnivuslmlusuasdnues
nsAeUsegbniin (Depth of Discharge (%DOD)) Tagil %DOD fe Sns1dILVUTIIIAIN
ldluisuiuenuaianunvesuuane’ Sananssiasiuarkanimadeufiiegnaide
SnsinsneUszglnihuuuasiiviidasuanimanszasguniivuiiufiivesuummeiadion
lovaunvugangligamgiiveseinalngsoy 25°C nmigamgiiuduredusunsudians
wawiAy 25°C Fadumstmundfouluisuduvesgumyiiv nynseuas MuuAvoUIUATeS
PrsgnmnSliiawindu uansisl
- nanssIaesnIInsrguvnivuiiufisveauunnedaifiodlossunuug
2 128 t=0 3unil (0%DOD) AelFsmImsaeUszqlidenseuawuuasd 1, 2, 4 uas
8C-rate LARIFITUT 5.6
- wansaenanszgguuniuuiiuiivesuunneidifieslooouuuugs
aeldgnsnsmeUszqluiiidienssuanuuasil 1, 2, 4 wag 8C-rate AmAIFU 7 5%DOD
uamagaguil 5.7
- wansaeanmanszguvgivuiiuiivesuunnedaiiiodlossunuugs
m81@1’5@15'1msmsﬂssql%lﬁﬁwﬂizLLaLmeﬁ 1,2, 4 wag 8C-rate AUEIRU 7 10%DOD
Lanasagui 5.8
- wansaeananszguvgivuiiuiivesuunnedaiiiodlossunuugs
m81@1’5@15'1msmsﬂssql%lﬁﬁwﬂizLLaLmeﬁ 1,2, 4 wag 8C-rate AUEIRU 7 25%DOD
Lanasagui 5.9
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- NANNTINRBINIINTEAWRUNYTUUNURIVBIMUALR DT ALTisNlopauL UL
Melagnsnismeuszalniisienseuawuunsil 1, 2, 4 wag 8C-rate MuEIRU 7 50%DOD

LERIGagUN 5.10

[
=

- NANNIINBINIINTEAWRUNYTUUNURIVBIMUALR DT ALTisNlopauL UL
meladnsinsaeUseliiidmenssuawuuni 1, 2, 4 uag 8C-rate MUA1AU LiloAgUsey

Iylfhaumun (100%DOD) uansssgud 5.11

25

U7 5.6 nan13daeanInseeaumail (CO) vesunmeIdiiudlessuuuugunelasng
nsmeUsealnihmenseuawuuasi 1, 2, 4 wag 8C-rate 1 0%DOD

K}

) 1C-rate %) 2C-rate

B

@) 4C-rate 9) 8C-rate

JUT 5.7 wansdnaesninszanegumnnil (CO) vesuunnesaiisuleesuluuninelions
nsagUszaliihsenseuakuuasi 1, 2, 4 uag 8Crate MUERU 91 5%DOD



50
45
40 40
35
30
25

) 1C-rate 9) 2C-rate

- L
50 50
45 45
40 40
35 35
30 30
25 25

M) 4C-rate ) 8C-rate

JUT 5.8 Hansdnaesninszanggungil (O vesuunnesaiietleesuluuginelions

Y

n1sAeUsElninmensswawuuadn 1, 2, 4 uag 8C-rate MUAIRU 11 10%DOD
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50
45
40
35
30
25

) 1C-rate ) 2C-rate
-— 5 - L
50
a5
40
35
30
2

A) 4C-rate 9) 8C-rate

JUT 5.9 HansdnaesnInszanggungil (C0) vesuunnesaiiedlessunuuginelions
nsmeUsERlninmenselaluunsi 1, 2, 4 uaz 8C-rate ANUEIRU 1 25%DOD



-— &= - +
50 50
45 45
40 40
35 35
30 30
25 25

A1) 1C-rate %) 2C-rate

@) 4C-rate 9) 8C-rate

U7 5.10 kam3dnaesninszatggamngil ((0) vasuunnesaiieuleasunuuganelisne

Y 9

nsmeUszglniinmenseialuunii 1, 2, 4 uaz 8C-rate AUEIRU 91 50%DOD

50 50
45 45
40 40
35 35
30 30
25 25

N) 1C-rate 9) 2C-rate

- L
50
45
40
35
30
25

@) 4C-rate 4) 8C-rate

- +

JUT 5.11wamsinaesmsnsznegaumgil (°C) velunwmeiaiienlossuluugumelidng

Y 9

nsmeUseglniinmenselaluunil 1, 2, 4 uag 8C-rate AuERU 91 100%DOD

62



63

91307 5.6 - 5.11 uARWANITIIADININTTIgAMATvEILUAINETALTLL
looouuuuginglddnanmsneuszqlwiivhenszuauuundil 1, 2, 4 uag 8C-rate MU
fignsdmvesUiinumuaiildluifisufuanuqiauatesuuniaed 0 - 1009%DOD WU
SasnsaneUszaluiindionszuauuuasiiuay %DOD AinTu viligumginnqaves
wummeifisgaty Tasd

- ieRansanisaiinnuieuveuunineilnedsdeaunisi (4.14) wuin
USnueufeureauunneinadiaiuinannisivaiuvenssudliti fsdy iy
19398m37 1, 2, 4 uaw 8C-rate FemnefeuTinavoanssudluindiiudu 15, 30, 60 uaz 120
A sy umgliuuaeeinng efimsassaudouindunuiinuenszudlnihg
a1y gaumglivewunmelTafiugay

- Wefinnsanuiinunnugililunsessernainismetseqliiiuuunsius
Ay C-rate Y0AUUALABS NUT1 Msafamudeuiiiinannszualuilvariuuumneign
avaunuszeraImMeUsz il vligamndvesuunmeigeiy

ﬁqﬁ?umﬂmamﬁf\iwaaamimzmaqmmﬁ%aLLU@L@@?EL%M"L@@@ULLUUQQ i
Tnuin sasnismedsqlifindenssuauuunsi safaszezna1vesnismeysyqlulihg
iy %Lﬂué’mﬁ’suhammamﬂﬁmﬁwmqmmﬁmema? Fauansnsmlnnuduius
JENIeANANTeIN15A8UTER LN (Depth of discharge, %DOD) wargungil (°C) vas
uunmeIALdlosuLUUga AegUT 5.12

55 -

Simulation 1C
———— Experiment 1C
Simulation 2C
— ——— Experiment 2C
— Simulation 4C
r |~~~ — Experiment4C s

Simulation 8C g

50 -

~
(4]

'S
o

temperature [C]
&
|

w
=1
N
N
|
\
v
|
!
|
q
I

20

0 0.2 0.4 0.6 0.8 1
depth of discharge [DOD]

JUT 5.12 nsmlpnudusiussevingamagiiiade (°C) vuiuiivedunuuuamesdiiudlessy
LUURILaEANANYeIN1IAeUsER N (%DOD) meldsnsinismeusealniieng

1N3UN 5.12 uanansinanuduiussenitegamgiiafe (°C) UuluRIves
LnukUAMeIaisulaaauluugazANdnveIn1sAeUsER bl (depth of discharge,
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9%DOD) Yol THNTUTIADIMALATNITNAFBUAIBENATINLNTINYUNYTINLIULLDTINGS
Tufuidanin K Afienanuusiugy 2% neldsnsmsmeuszqluiiimenssuaiuunad 1,
2, 4 uay 8C-rate WaAnwgamgiluannznisldanusiwesuunme’ Felimsiiu 50°C
desnaesiliszansamuazergnislinuvesuunnoiduas (Feng et al., 2015) fduy
JATe et mundnsinisaeuszqliliidienssuauunsiigsaaminiu 8 C-rate Tngnans
ai’waauﬁamaﬂiquw%awm (100%DOD) qm‘wq:ﬁLaﬁwuﬁuﬁwamumLma?'ﬁﬂ'wwhﬁu
51.63°C vilmauiuunneifildfnsaniasisnsnisaeyuszqlaiuuuasiliiu sc-
rate

Tnensmaaeusieganidluriesl jURnsldldas esdleofiadraniselvanls
LuALe3 (Chroma Model 17020) Fsilusz@nBanmsnunszualulihligeanvindy 67.5 A
vioUsEann dC-rate (60 A) lnoiiAngaumgiigeaniiloneuszqluiiiaunua windu 39.37°C
fadulunsvegeuiiedisaieiteanunsariinismeaasldgaaniisnaniseeyussqlaide
NIELALUUAITILIINAY AC-rate windy lagldannsavinimaaeudnsinisaeuseyluiinie
nszuALUUAIv Y 8Crate I (losnniAudneuaninsnveuaissefldlunmsaasy
yilvsudt 5.10 Tudnsinsmeyszqliidhenseuanuuasiivinfu 8Crate Jauanaamzsa
NMIae L

NNWANIIIaRININTE BRI TveILUAIEITINa1 NI sfuam Taand
gaungilafsvuiuiussuunnetivisuiisuiunamanaaouiognidngldiguefines
TufUDadamsnadt 5.2 s‘ﬁqﬁmum‘hLLWJ@ﬂflﬁmqmmﬁuuﬁuﬂaLaﬁasuaal,mut,wmLW@‘%&W%’U
TUsunsudraomauazisume fmesludilafguil 5.13

) wuwaswasiuaUita

f) TUsunsuINaema

JUN 5.13 suniansingamgindeuunuiiveawnuiunmesafiedlesauluuge
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M399 5.2 MIWUTHUEURUMATRA ULTURI VBN ULUALABTLUURITENININAN T804

LAZHANITNAHEUATIDE1993 e TULTRsnesiuAUaneladnsnisaelsey
Tnlfineinge Wiaduaanisaedseqlnin (100%DOD)

anumgiitade (°C) UUHNUAITBILUALDT 1C-rate | 2Crate | 4Crate | 8C-rate
MINAABUFBE1993IDIUAINDINT 1 27.81 30.85 38.54 -
MINAABUFBE1ITTIVDIUANDIGNT 2 27.71 30.97 38.52 -
MINAABUFBE19I3IRIUAINDIGNT 3 27.74 30.92 38.69 -
Aeamgiliadsnsnaeuiieg1sais 21.75 30.91 38.58 -
Aeamgiiadslusunsudiaoma 27.28 31.02 38.74 51.63
AARaRLAREL (%) 1.72 0.36 0.41 -

= A A g v o ay v
wu8uie WesaniesesllavnaeuiildaiusanieUseylnimenssuawuunsilagen 67.5
| ) LY
A ﬁ\‘iﬁu%ﬂumaﬂﬁmﬂaauw 8C-rate VT?@U%NWNF\i%LLﬁiWﬁWLWWﬂ‘U 120 A

NANT 5.2 kansmsiUisuisugumgiiadsuuiuinveaunuuunine’
LUURITENINNAN1ITABIMAHANIINAADUAIBE 193 Il §nT1n1TAeUsER Iiieg 9
Sleduaanisaneuszalih (100%D0D) Wt Aeuvnifiefsudamueainadousisns,
nsaeUszaluifiuuuasii 1, 2 waz dCrate fAWWIAY 1.72, 0.36 uAg 0.41% ANay
wandliifiuind1AnaIAIARB YR SHANTI 1A LAYHANTNAFEUTT VRIS ATINMIANEYTE]
Inliusias C-rate SlenfilndiAesiu

dmsumsnneinnuuan1ansnsEegangivesgufl 5.6-5.11 §3deda
Ieimunveuwsvestisgamaiilve Ifanunsouesiiudvesnmasfindieissuiiisuaiiy
uanAswesguvglidaaud iy lnsuaninanissiaesniansrasgugiuuiiuiaves
wummesauisslessunuuganeldsninnsmeyszgluiiifonssuauuund 1, 2, 4 uay 8
C-rate 71 %DOD #ing 9 ¢t

- wensiaesnIsnssegumnd (0) vuiluRvawuunmeiaifieyloosunuy
997 19%D0D dlemeyszqliindnenszuaiuunai 1,2, 4 uag 8C-rate uansfsguil 5.14

- NAN1391884NNINTELRUNNE (°0) vuiiuinresuunnedaifisulooouiuy
qaﬁ 5%DOD LﬁamﬂﬂizﬂvmﬁmmzLLﬁLmumﬁ 1, 2, 4 uay 8C-rate LLamé’agUﬁ 5.15

- NAN1391884NNINTELRUNNE (°0) vuiiuitresuunnedaifisulooouiuy
9971 10%DOD Wemeuszqlwihdenszuanuunsil 1, 2, 4 uaz 8C-rate uanfaguil 5.16

- namsaesnsnIEIEmil (*0) vuiuivesiunmeIaifionloosuluy
9971 25%DOD Wemeuseylihdienszuanuunsil 1, 2, 4 way 8C-rate uanwisguil 5.17

- HAN13918BINNINTELRUNNH (°0) vuiuiresunnedaifisulooouiuy
qﬁi 50%DOD Lﬁamaﬂszﬁﬂw%ﬁwﬂizLLaLmumﬁ 1, 2, 4 uay 8C-rate LLamé’qgﬂﬁ 5.18

Wefimsananammmensifinvemadiassnsnszanegamgll a sasmsane
Usgqluliindl 100%D0D iluanniefiannsnueafuanuuandsvosgumgivuiiuiiives
wummesldauiian iesniduanusfiuunneiauaamameyssquandutisiuunneid
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gaumniigenan dauldealeinan1sdnasnisnszanggun)iuuiuiIveunnaIaLiey
lopaunuugeilaluiSsuiisuiunanisaaeuieg19aselnelindeswsiaduanuseuniela
gnansaeUsyaliihsienssuauuadi 1, 2 uag d4Crate 11 100%DOD WaARIFUT 5.19

- +* - +*

n) 1C-rate ) 2C-rate
= dp

- +

25.35
253

25.25

25.2
2515
2541

M) 4C-rate 9) 8C-rate

JUT 5.14 nansdnaesnisnsyanggngil (*0) vuiuiivesiunineIaiisulosauiuug
meldgnsnisaeuszglniieing 9 9 1%DOD



25.5

25.24
25.23 25.45
25.22
25.21 254
25.2

25.35
25.19
25.18 253

A1) 1C-rate ) 2C-rate
-
+ i + 275

26.1
26 27
259

26.5
258
25.7 26
25.6

255

A) 4C-rate 3) 8C-rate

= o a o, dgll a Aa a
JUN 5.15 Han1591899N13n5831800nQ (*C) vuiuiIveswunmeIaisulossuwuuge
nelddnsnisaneuseqluiiieng 9 1 5%0D0D

— + - +

) 1C-rate 9) 2C-rate

M) 4C-rate 3) 8C-rate

a o a o dy a da a
JUT 5.16 namsdnaesnsnsyanggungil (*C) vuiuiivesuunmesaiieulosauiuug
melagnanisaeusealnilising 9 91 10%DOD
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31n3UTN 5.14 - 5.16 Wasurumeyszaliiienssuawuunsi 1, 2, 4 uay

o
=

8C-rate AUEIRUAUTY 10%DOD Wan1sIaeLandbiiuiinsuasuwUatgnmgiuuiiui,
VILUALADT G191

a

A a A 2 g g A ~ = a
- LllaW"i]fﬁme]LLW'UVLWWWGU'JUPJ?WW‘UPJWLﬂuﬁ!ﬂ‘ﬂﬂiﬁ]‘mﬁﬂmaqwq@ LNNUIN

Y Y
'
a

anudouiiadistuinanUSunamenseualiiidluanununnessnidaes feaunnsd
(4.14) a'qmaiﬁﬂ%mmmmﬁmmm%’aummLm“ulw%Lﬁw’ﬁumué’msﬂmimamquﬂ/\lﬂwﬁLﬁu
1nTy LLaxLﬁlaﬂf\]’lim’lﬁﬂqmﬁﬂuﬁ%aﬂLLﬁ‘UlW‘ﬂ’l%’JU?ﬂﬁ]zL%lﬂJﬂizﬁl’lsJﬁ’ﬂﬂEQJJQLLﬂu‘UENLL‘UGILGIE]%I
maﬂ'ﬁwmmﬂmia%ﬁqmm%fawuaw?L’smﬁﬂéfnmLﬁmmimsmmm%’aummg%’aﬁ 1 999
WiLEJi mwmamsmaauwuaqmwmamwmaawmﬂwmamwnmaﬂﬂmmwuammum
ety T\]Wﬂﬂ’]’iwaﬁlﬂ’muiauﬁuaﬂLLVIUIWWNT‘U’JU’J?MVHELMLLﬂu‘UENLLUGILG]@?V]@JU?L’JmﬁwmﬂULL‘VI‘U
TWihsunifinnsadsmudoudiinty aqmaslmqmmmml,t,ﬂw,wmLmail,wmmmmlﬂma

_ \ilefansandiudivlniihdhay QmmﬁmamﬂmwmL@@?U%Lamﬁé’uﬁaﬁuLLﬁ‘U
Tihiiannsnszanefluduivinidray Tnednvarvesnisadrsenudoussiinnisdiom
audeuuiefuuiuliiidauan 61’41‘13314 mﬂmaé’wa‘mim“maammﬁ%qLLumma?meﬂéf
amwmsmaﬂsval‘w%wqumwma 1-10%DOD %ﬁammmmmmmmuﬂasmu:daa
qmmmLLazmiammmaauuawqmmmulﬂﬂwma‘u LLaszmemuMﬁwaauum
gaungiitiosniuiivliiihdauan (ezgfidlen) Rnndrduuseandnisinlndhuesvanildi
wiulindau (ND9AY) fenunnniudiivlwiidauan Wethlusmuinusunanisadienin
Zoumuaunisi (4.14) Tnefiandudseans nsin i deunniu azvinlsusunnnisadna
arufeutionas dsnaligamgivestiulnihiauiiddesniidiuin lusnsieatuunues
wunmeifiduiatuuriulidananuard avasfigumg dilndiAssiuuivlihi dudaty
yenani “U%LammusuaaLL‘UG}Lma?ﬁ'é’ms‘i’aﬁ"uLLﬁUIWﬂﬂﬂf’m’mﬁ]zﬁqmmqﬁqaﬁqm e
Wisuifisuiuusnaduy



25.95

258

n) 1C-rate

- +

M) 4C-rate

69

) 2C-rate
&

3) 8C-rate

JUT 5.17 wansdnaesnisnsynggungil (*0) vuiuiivesiunmeiaiieulosauiuug
nelddnsnsaeyseglniieg q 1 25%0D0D

- +

26.65

n) 1C-rate

@) 4C-rate

9) 2C-rate
e

9) 8C-rate

a o a o dy a da a
UM 5.18 man1siaesmsnsznegamgil (0 vuiinvesLunmesaliiodlessuluug
nelignsn1saneyseqlniieing 9 7 50%DOD
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NNFUT 5.17-5.18 leuummeimeuszaliiivhenszuauuunad 1, 2, 4 uaz
8C-rate MuAIRY 7 25-50%D0OD Han1sdrasnandliiiudanisid sunlasgaumgiuy
fufnvesuummed foll

- iileuunimeimeUseqluiiin 25-50%D0D wuin finsinisaeUszqlalin
LUUAST 1 uay 2Crate gaumgivostnuuuaioSuilganmdeusuinafmnaiveny
wunwed YsuenifutsiunuvesuneedSudgamgiiiunniudulnihdauinuasdaay
Lﬁaamﬂ‘ﬁuﬁiumiazaum’m%fauLLazQmauﬁ’amaam’]m;mm%fauﬁwwamaﬁa@ﬁ%’ﬁ%mu
wuawesdannnnidesuiiisutuuiivliidauinuastaay Taseruganufeusinig
Ao Usuamnufoudivinliansuiemna 1 vihedlanfufloamgiideuly 1°C vilsfuny
wunmeitgamgiinnniudiulniivisaes uasiishmmaneusealuihuuuad 4 uay 8C-
rate wui1 Ausnauiuliihdruinesdigamgiginiuinannuveunneiuazuiivlnii
{hau FsdinanszaegamgiediofunsdiuunneifianeUszglainly 1 - 10%0D0D aunsng
¥ngaradeuiifntuuinadlnddusiulnihdaun

SloAuganseneuseglalii 16991 8Crate 9aANLToUTRUNULUANDISIAY
agfanandlndiuuiuliiihdauan dsvendunuesiunweidgamgiiganiuinaidudaty
wiulihdaau uenanidadidntadeiivhliaudonvewnuuummeivinauiuliiadauin
flageey Ao Usinamnumunuvuvesnszualiinfigaasenuduyunglureaunuuunmesv
L‘U‘uﬁﬂﬁ’J‘L!IG]EJG]iQﬂUUi%J’]mﬂ’JleWﬁWJENLL‘UG]LG]@TVIﬂfﬂfﬁ‘d (Nikolian et al., 2016) tJunarh
imwmmaimammmwmu uaﬂmﬂuamwﬂwm amelununined deseneulufe uny
LURALADS Lmulw%wmmmmwmamuL‘wmumanmmmiﬂmamaﬂiwfﬂlw%wwm WAAIAY
;:;U‘m 5.19
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A) 4C-rate
- L

5Ui 5.19 namsassnisnssnegungiiuuiuiveunmeIaiexlooey
wuuge Wisuiiiguiunanisnaaeuiiegeasalagldndaansiadu
ANNSDU ma“léfé’mwmimwizﬁﬂw%é’wmzLLaLmeﬁ 1,2,4
uaz 8 C-rate 1 100%DOD
v Liesanniadesiiennaeuitldannsameyssglulindonssuanuunsdligean 67.5
A fetuddlaifinamannaeudl 8Crate vidoUTmnainseudliiwiniy 120 A
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913U 5.19 efasuniUisuiiisunanissiassuaznanisvaaeufeg1s
ssdlaeldndesamatuanudou nuinanszrnegamgiivuiuitvesiumneiaifioulooon
wuUge fdnvairnsnszanegavgiiveaumneslulufiamaieadiu uazamnsauaninans
$ravsgamniinieluununumneddiiioslessunuuganelisnsinsaeysealalieing q 7
1009%DOD Fsm5137l 5.3

M13199 5.3 Argaungdanuanisinassneluwnukuaneifiisulossuiuugenigladng

a

nsmgUszalnihnieladnsinisaeuseqenag 11 100%DOD

1C-rate 2C-rate 4C-rate 8C-rate
guunigegn 27.39 31.27 39.37 51.91
qmwgﬁﬁiﬂqm 27.25 30.91 38.52 50.30
qmw{]ﬁwﬁla 27.34 31.14 39.07 51.38

54.2  HAN1531889UATHANTNAFIUA29E192T9EINTUNINTTABUNY VDS
wuaLes ALiieuleasunuunsinszuan (Cylindrical cell) Lﬁamﬂﬂizq
TWfihdaenszuauuuasil
mﬂﬂ‘%mmcﬁnmt’qﬁg@wmmamwL@@%EL%MI@@@W% NMC buunsInssuan
2.1 Ah Iuﬂwuié’aﬁlﬁﬁﬁwumé’mswmsmaﬂssqlﬂﬁwLmeﬁsuaﬂmema? Ao 1, 3 way 5C-
rate MUATU WsadAUSINanTELENHN T Ak uLUnAEIIYINAU 2.1, 6.3 waz 105 A Tag
THaan 60, 20 wag 12 W sy agfiuhnuLAnAsesnTINIsANEUsEq Wil wieany
dswalvisrozianmsmeysa iy fduisanudisssesnanfina1nndisiu gn
Avualyailuguanudnueanisaeuszqlusia (Depth of Discharge (%DOD)) Tnedi %DOD
fio Snsdruresiinmumugiildiuifieutuanuaiauaesunned denansiiaosay
NANIINAADUAIBE 19T 3A 1880 TIN5 AN YT I L UL AT sauRzLARSNNINSE Y
pamgdvuiuiiveaunmed aienlasouuvugenigldguvgivesenialassey 25°C
saisgamgliduduredlusunsusiaemaniifu 25°C fudunsimuadieulududues
QUNIYVINIAFDKAL MVUATBULUNVBIY IR T VTIA WY wamasal

- wan13tiaeenIsnsratsgamnfivuiiuiivesuunned fiisulosounuy
59N3UBN B 1A7 t=0 U7 (0%DOD) Melédhmsmedseqluifidienssuauuunsd 1,
3 uay 5C-rate LARIFaFUR 5.20

- wan1ssiansnsnsrasgunfuuiiuitvesuunned Aisulosounuy
nssnszuennelisninismeUsyqlwiiidenssuaiuuasil 1, 3 uay 5C-rate amdIRy 7
5%DOD uanafazuil 5.21

- wan13TiaeenIsnsratsg M fiuuiiuiivesuunned diisulosounuy
nssnszuennelisninismeUszqlwiiiienssualuuasil 1, 3 uay 5C-rate amdIRy 7
10%DOD wanafiaguil 5.22
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- mamiai”]aaqﬂ’rﬁﬂigmaqmmﬁuuﬁyuﬁwmLLumma%"aLﬁsmlaaauqu
nsanszuenneldidasinismeuszglniisnenszuatuuasd 1, 3 uay 5C-rate muddy 7
25%DOD uanafaguil 5.23

- mamiai”]aaqﬂ’rﬁﬂigmaqmmﬁuuﬁyuﬁwmLLumma%"aLﬁsmlaaauqu
nsanszuennelidasinismeuszglniisnenszuatuuasdl 1, 3 uay 5C-rate puddy 7
50%DOD uanaagUTl 5.24

- mamiai”]aaqﬂ’rﬁﬂigmaqmmﬁuuﬁyuﬁwmLLumma%"aLﬁsmlaaauqu
nsanszuenmelisnsmsmeuszalifisenszuauuuasd 1, 3 uaz 5C-rate Auddy e
AeUszglviihaumun (100%DOD) meﬁagﬂﬁ 5.25

JUT 5.20 HaN1391889N13n52A800nRI (°C) vednunwmaIaiBulosauLuUNTINTEULN

U 9

Melagnsnismeusegliiimenseialuunai 1, 3 uag 5C-rate 71 0%DOD
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40

n) 1C-rate 9) 3C-rate A) 5C-rate

JUT 5.21 wam1sdnaesnisnszanggumil (°C) vesiuawmeIaiissleosuuuunsinIyuen

Y 9

nelddnsinsaeusealiihmenseuawuunsi 1, 3 uag 5C-rate MUEIRU 91 5%DOD

50
g 45
35
30
25

A1) 1C-rate 9) 3C-rate M) 5C-rate

40

q 35

JUT 5.22 namsdnaesnsnsyanggungil (*0) vesuunmesaiielessunuunsanszuen
MelegnsnismeUszylninmenssuawuunaf 1, 3 uag 5C-rate AuEIAU 71 10%DOD
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0
25

o
-

q 35
3

loauLUUNIINTEUBN

1,3 uag 5C-rate AUATTU 7 25%D0OD

0
45
40
35
30
25

-

5

0
45
40
35
30
25

I‘

A) 5C-rate

-rate

) 3C

-rate

n) 1C

RIS

Q) VBILURLADIA

R

X
AIYNTELABUUAIN

Y

9

[

5.23 NaNT18IN1TNITLANU RN

sUN

Y

a

¥

Y

el

Usgqlnii

ABFINNITIATY

q

aalals
Va4 A A A a4 A4 A a4 A AT A A A A4 A
A A A s

M) 5C-rate

9) 3C-rate
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n) 1C-rate ) 3C-rate A) 5C-rate

JUT 5.25 wan13dnasinisnseaeaamail (*C) vesunneIaiiedlessuwuunsinszuen
nelddnsinsaeusealiihmenssuauuunsi 1, 3 uag 5C-rate MUE1RU 91 100%DOD

91N3UT 5.20 - 5.25 LAAINANITIIABINIINTEINLQUNNTVDIUNLADI ALY
leopunuunsinsruannelasniinismelselniinienssuawuunsi 1, 3 uag 5Crate
AINEIRU M 8RI1duveUTUINA T IT U s UAUAMUY T INNAYDILUALADT O -
1009%DOD Wu11 8931n15A8UsEa i aaunIELawuuAIiLas %DOD MUy y vinlw
QUNHYNIAVDIUALADILNAGITY Al

- 1{BNITUNITAT1AIUTBUVDILUALADT AL D19BIAUNITA (4.14) WU
N33 9ANUTBUVBIUAWMBTAAIINNIT AR U BsUTNans Ul Asidu nsuiiaAuves
9991 1, 3 uay 5Crate ¥ anuredaUTuIuvInseualii Aty 2.1, 6.3 uaz 10.5 A

°o w & D% aa v % - & a =i '

muaau Lumglikuanesinisasiennuseunudumuusutavesnseialiinnlaniu
QuNHVBIUUALABT RN

- WaansanUSunaanuenldlunsessesiiainsangyssgliiuuunsiiug
ag C-rate YIUUALABS WU MsaTiANTouiiAnannszualiiluakuLunneIgn
avauauszezIaINsAelsaliih viligamgiiveaununineday

A9 UIINKANITTNa0IN1INTEAL QUM TVouUnn 03 Aeulooauwuy
N39n3EUen MU 8n51n1sAnelssglninmenselaluuA SIUTTEEEIAUBNTS

A a = ) [ ] J a X a a =
Mol iindy szludadiulaensaion1SANTUYDQUNYTRUANADT FIUaAINTIN
ANNFUNUSSENIIANEnveIn1AeUTEalniln (%DOD) wargumgil (°C) VoILUALADS
a (% =
aisulosuwuunsinssuen AeguN 5.26
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55 -

Simulation 1C
———— Experiment 1C
Simulation 3C
———— Experiment 3C
Simulation 5C
45 + |~ — — — Experiment 5C

50

40

temperature [C]
\

35+ - ) — :__;/:'Z o

0.4 0.6 0.8 1
depth of discharge [DOD]

JUT 5.26 nsmimnuduiusseningamaiiage (°0) vuiluiivesunuuuamesaLiellossy
LUUTISINSEUBNULasANENTeINsAaUsEg i (%DOD) melddnsinsenauszglnilina ¢

913U 5.26 wansnsinNdTussEisguvgiitade (°0) vuiufiives
LnuuUsLAe3 AliienloosuluunsINsEUBnLaTANEANTaIN1sANEUTE I (Depth of
discharge, %DOD) ¥83lUsLNTUTNADINARALNITNAFDUATIDY19939AUN1TINQUNY TN
wuwasesludilavila K Afmanausiugt 2% neldsnnmsmelszaliindenssua
LUUA 1, 3 uaz 5Crate WaAnwgumgiluaniznisldnusieweaunne’ dslimsiy
50°C iosnnaesiliussansnnuazoignislfiurosumneiduas fafudidedeimun
dasnsmeuszqlwiidhenssualuunsfigiganiniy 5Crate Tnsranissiasailoneyszq
Intflaumun (1009%DOD) gamgiadsuuiiufiivesuunneida ity 51.14°C ilingy
Muunnednldfsanimsisnmnnsmeuszglifuuunasiliiu 5C-rate

NNHANTABININSTINE UM TV sHUAMBI TN suAINT DLAR
gaunpiiladsuuiiuinvesunneiilsuiisutunanismaaeusoginidagldeugosines
Tududadiannsnadt 5.4 %aﬁmuﬂﬁwLmﬂamﬁﬂqmmﬁwﬁuﬁaLaﬁamaaLLﬂuLLumLmaéﬁm%’u
TUsunsudraomwauazisumefmesludilageguil 5.27
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JUT 5.27 sunisnsingamgiindeuuiiuiivesuunmesaifiedleasuwuunsenseuen

) wuwasmasluaula
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M13°47 5.4 M3UIeULfig UM IRRs UUNUR IV N ULUALADTLUUNTINTLUBNTENI NG

N139190UATNANTNAABUAIDE 19T ULga TN sluAUUan el nIIN13
meUszglniieg 9 Weduaanisaieysyalnia (100%DOD)

gauvinfitade (*C) VuuRIYBILUAADS 1C-rate | 3Crate | 5C-rate
MINAABURIBYNIT U UAABINT 1 28.77 38.79 50.03
INAABUFNBENT U UUAABIINT 2 28.60 38.82 49.95
nsVAEBUNeY eI UANESNT 3 28.63 38.64 50.27
AenmgiiadsNsnazousi 1919339 28.67 38.75 50.08
Agampiiindelusunsuinasa 28.42 39.39 51.14
AAnuAaALARDY (%) 0.88 1.63 2.07

NI 5.4 uansn1silIvuiiguguniitnf s uui Ul v uNULUALA DT

WUUNTINTEUBNTENININANTITINABIALHANITNAADUAIDE 193530 18lA R IIN1TAN8UTE]
Intflasingy ileduganisaneuszqlfia (100%D0D) wud Agamgifivesisudeuaain
\ndeufisnsinsaeuszqliiiuuuaci 1, 3 uay 5C-rate TAWYINAU 0.88, 1.63 Waz 2.07%
puddu wandliifiuinAinnunaInLAR e U INANITTABILALNANNTNAEUITIVDISAT

nsaneUseglniusas Crate dAflnalAeariu

] % a L3 1 a A Va o
AMTUNTUATIZVIANULANAIINITNTEAURUNYTVBIFUN 5.20-5.25 KITY
Jaldmmunveuwavesisgaugiiluel WianusanewiudveanimnsfiniiaiUSeuiieu

ALLANAIYDIRUN T TAUBITY TnBuanINaN15INa0IN1TNTEANOUNYTULNURIVO
wunmesaLisdlosaukuunTenszueneladnsn1saeysEylninslensekaluuni 1, 3

way 5 C-rate 7 %DOD #i19 4 el
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- mamimaaamimvmaammu (°C) vuRuuasiuiintfanssianans
YosuunnesaioulesouLuUNsINsTUaNT 1%DOD Lmama‘divﬁﬂw%mam“LLaLLU‘umw 1,
3 wag 5C-rate LLammgﬂ‘m 5.28

- NAN1391899N1505¥8RUNANE (°O) vuRufuasRuividanseianans
YosuunnesaioulesouLUUNsINsTUENT 5%DOD Li@ﬂ’l&lﬂ'ﬁz@lﬂﬂﬂﬁwﬂi%LLaLL‘U‘UﬂQﬁ‘ 1,
3 W8y 5C-rate meﬁ’asﬂﬁ 5.29

- NAN15INARININTENRUNAT (°C) vuiufuasiufindfanssianans
YosuunmoIaisnlooauwuUNsINsTUand 109%DOD L:,JamEJUi%ﬂWﬂ']msm'ﬁ“LLaLmem
1, 3 uay 5C-rate LLammww 5.30

- NAN1391899N1505¥8RUNANE (°O) vufiuRuasiufindfansananans
GUENLL‘UG]LG]E)iﬁLVlEliJVL@@?JULLUULL‘U‘U‘VlNﬂiu“UE]ﬂ‘Vl 25%DOD LllE]F’]’]EJUiJ\]VLWﬁWWUEJﬂiuLLﬁLLUU
Al 1, 3 waz 5C-rate LLammg‘U‘m 5.31

- NAN1391899N1505¥8RUNANE (°O) vuiluiiuazuiindfanseienan
YOILUAMADS AT EU 0B ULUULUUNTINTZUBNT 50%DOD Lﬁamsﬂizqvl,w%ﬁwmzuauw
AsTl 1, 3 uay 5C-rate LLamﬁagUﬁ 5.32

Lﬁaﬁf\mmﬁmmwmaﬂsﬂﬂsuaqmaﬁwaaqmimzmaqmmﬁ o ORIINIT
maﬂsua}iﬂ/\lﬁwﬁ 1009%DOD LﬁuamauﬁmmmuaaLﬁummLL@ﬂﬁﬁamaaamwﬂﬁuuﬁuﬁwm
memaﬂmmﬂumam LuaqmmﬂuamummeLmaﬁauammﬁmamummuLﬂummmmmaﬁ
mammuawam muumﬁ]&mlmmwamimaa@mﬁmumaammmuuwumLLauwuwmm
mqmﬂmwamwmmiamamlaaamwumaﬂi Uaﬂwiéﬂ,mﬂiaumwaumamwmaau
mammiﬂmsﬂmaaqmmwmwmaumsﬂmamwmsmwizﬂw%maﬂszLLaqumm 1,3
uaz 5 C-rate 1 100%DOD wANFIgUT 533
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25.085 25.085

25.08 25.08
25.075 25.075
25.07

25.07

25.065 25.065

25.06 25.06
) 1C-rate
254 254
25.38 25.38
25.36 25.36
25.34 25.34
125.32 25.32
253 253
25.28 25.28
2526 2526
2524 25.24
25.22 2522
25.2 252
9) 3C-rate
25.9 259
258 258
25.7 257
256 256
255 255
254 254
A) 5C-rate

JUN 5.28 NaN1591889MINTEFNYUUNI (*O) VUNURIMALNUNMINARNSININAVDIUUALADS

]

sxloPaUMUUNTINTEUDNT 1%DOD WameUsegluihmenssuawuuni 1, 3 uaz 5Crate



Y
a a

an

25.31 25.31
25.308 25.308
25.306 25.306
25.304 25.304
25.302 25.302
253 253
25.298 25298
25.296 25.296
25.294 25.294
25.292 25.292
) 1C-rate
26.02 26.02
26 26
2598 25.98
25.96 25.96
2594 25.94
25.92 25.92
259 259
25.88 25.88
25.86 25.86
9) 3C-rate
26.95 26.95
26.9 26.9
26.85 26.85
26.8 26.8
26.75 26.75
26.7 26.7
26.65 26.65
26.6 26.6
26.55 26.55
A) 5C-rate

U7 5.29 wansdnaeansnsyanegaumnil (*O) vuiiuliuasiiufivindansinanatsesuunne’

9

suloRauULUUNTINTTUBNT 5%DOD WameUsygiaienssuawuuad 1, 3 uag 5Crate
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a a

AN
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25.588
25.586
25.584
25.582
25.58

25.578
25.576
25574

25.572

) 1C-rate

26.88
26.86
26.84

126.82

26.78
26.76
26.74

26.72

9) 3C-rate

285
28.45
284
28.35
283
28.25
28.2
28.15

281

A) 5C-rate

U7 5.30 namsdnaeansnsyaegumnnil (°O) vuiiuliuasiiufivindansinanatsesuunne’

9

gulopauRUUNTINTTUBNT 10%D0D WameUsyaliimenssuawuuai 1, 3 uag 5Crate
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26.34 26.34
23
26.338 ;: 26.338
26.336 ;’,E 26.336
26.334 26.334
26.332 26.332
26.33 26.33
26.328 26.328
26.326 26.326
26.324 26.324
26.322 26.322
) 1C-rate
29.34 29.34
29.32 29.32
293 8% 293
29.28 é‘ég 29.28
29.26 ':E 29.26
29.24 29.24
29.22 29.22
29.2 29.2
29.18 29.18
) 3C-rate
32.95 3295
329 329
32.85 32.85
1328 328
32,75 32.75
327 327
32.65 32.65
326 326
32.55 32.55
A) 5C-rate

JUT 5.31 nansdnaean1snsganggaumnil (°0) vuiuiiuagiiuimindansinanasveuunnes
AisvlosauluuNIINITUaN? 25%DOD WameUsegniniensslawuunsi 1, 3 uag 5Crate
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27.318 27.318
27.316 27.316
27.314 27.314
27.312 27.312
27.31 27.31
27.308 27.308
27.306 27.306
27.304 27.304
27.302 27.302
273 273
27.298 27.298
A1) 1C-rate
32.96 32.96
32.94 3294
32.92 32.92
329 329
13288 32.88
32.86 TATATAS AT ALY 32.86
32.84 ég 32.84
a7
32.82 éé 32.82
328 7 328
) 3C-rate
39.35 39.35
393 39.3
39.25 39.25
139.2 39.2
1
39,15 39.15
39.1 39.1
i 39.05 39.05
39 39
38.95 38.95
38.9 38.9
A) 5C-rate

JUT 5.32 mansdnaen1snszanggaumndl (°0) uuiuiiuagiiuimindansinanasvesuunnes
AieuleoauwuuNIINsEUaNT 50%D0D Waneuseqlniindenssuaiuuni 1, 3 way 5C-rate



28.745 28.745

28.74

28.74

28.735

28.735

28.73

28.73

28.725 28.725

39.52 r % 39.52
% =
A
395 % - 395
3 %
39.48 % % 39.48
39.46 4 39.46
i 4:‘
39.44 39.44

39.42 39.42
394
39.38 39.38

39.36 39.36

) 3C-rate

A) 5C-rate

JUN 5.33 NaN1391899N19NT81LUUNTUUNUEN Han1snaaeumiag1asalnglindas
ASIIUAIUSOU WA NUNNTNFANTININANVLUALABS A eL lBaULUUNSINSTUBN
mua1su nelegnsnisanedssglniimenssuaiuuasd 1, 3 wag 5C-rate f1 100%DOD
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31NJUN 5.28 - 5.33 Wasusuaguszylnisenseuaiuuni 1, 3 uay
5C-rate mua R UIUAUAAN1IAEUTZLNANT 100%DOD wan1sdnaosuanalimiudens
Waguuwlasgaumniivuiuinias Nunntfinnsafnasvewunines Al

NS ANTRUNNTN AARTININANUDILUMLADT ol USHauuwiulndduan

a A

wulndugaisudunlgun)iigaign WeenUsunuamiuseuains@uiinanuiunaues
nszualiiilvar uwunwmeIuniasaes Asaun1si (4. 14) dawaliusinanisnananuiou
] A & o o & N ' a
voauwiuliiuTunusnsINsAeUsE ity wavilieiansaneigamgives
LLﬁUiWﬂ'l%mmm%;mwm&Jfffalﬂé’mmusummema% WANTENUIINNITATIAILTEUDS
Uinainananifamssiemaiuieunungded 1 (CAETLH fivhemaadouiivesaiy
Youamiadoufinnyniisigaungiigilusandsigamgiivh duiu annmananaufeureui
Widauanivlunusuunmsiiiuinoduiatuuiuinidauniansaienadou
Ny denalgaumgivesunuiunineiiudunulusie Inenunuwunwmesaziidnyens
N3rALQUNINNTALVDIMTIVRINTZUBN
A a ] J oA v ¥ a X 4 a

- Weinsaniuiuliihtiaunudt imsasuanudeuiadunuivlnii lny
Ngaumglivewiulniiiavuinandudaduenuwunmesiidnisnszaemludunuuunnes
Tnednwazasn1sasisnuiouaziinnisanamanusouguieiuwiulufitauin dely
PNUAANENINTEANUNNTTBUANBIN8lATnTIN1IAEUTERlNT U UATIIYaY 91 1-
100%DOD azdaneiuiuivlniirtiavinisdsuwdasgamgiuasnisadsnnuioutioy
nwAulniaguan Tneanma i wi uliiadaui e aumgddeenituiul Wi aduan
(ezgfvlow) tinanArduusz@nsnisialniwesian ildviunulnfirdiau meswn) e

! 3 g = o J a o k4 = A
wnnIwAulnitun Wethlumwiuusinunisasennuseunuaunisi (4.14) lnefia
duusgansnistliihdidnanndu ashlivsinansasuanusoutosas duwalvigamgiives
< ] a1 v " = v dad o o o ] &

wiulnihgauiiadesnitviuin Tuvaegiiuinuvenunmendudaiuwnulniirtauin
wardiavdrligamgdnindidsstuunulnifdudady venainid USHMWNUVEILURLABTT
v v v 3 o = a a dll =] = LY a -dll
dudaiuunulihtiuinssiigumagligenan Wewssuisuiuuiiudy

a

- Wedugan1sangUsegliii 100%DOD anusounlgumgiaandang

Y oy 9

agTusnangluLnuvesuaweInduiaduunulnihtiuin wenanflaamaiinng yniely
o v 4 & & A XA '
wuame3 Jeusznaulume wnuiuames wiulnihiviniaztaauasiiuduilonaiiiuly
A

wseAeUsylninaumue

91n3UN 5.33 1lBNTUNUTYUNEUNANITINADIUALHANITNAAB U889
3alpgldndeemsiauannuieou nuimnszatveumgivunuRivesunmeIaiieuleosu
LuUnsINsEUen danwazn1snseatvaamgiveswunnes Wluiianaseidy wazaiuise
uwanaran1sIaesguugilngluinuiunmesfiienleesunuunsinssuenaglasnsinig

meUszlaihagldsnsnisaeuszasnag A 100%DOD Fipsdl 5.5
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M13°90 5.5 Argaungilanuanisiiaesnigluunuiunimeidiiiesleesuluunsinszuen
nelddnsimsmeuszglnihaeldgnsinismeuseasingg #1 100%DOD

gauull (°C) 1C-rate 3C-rate 5C-rate
gaungiigean 28.46 39.87 52.45
ng“cﬁwqm 28.42 39.35 51.04
paumniliade 28.44 39.44 51.22

INNANTNARDININUANUI UusmeIaliexleosusiin NMC NiaesgUwuulansly
2 = ad X a S oa X ] 3 o
WudeeamgingunUinanisivavesnssualnihiiiuau Inowwzwivlwihaauinid
n1saseluIuANTounINNiItiay Jdananen1sisunlataumginelukunines
Aisulesswiasnniianisaemaiuiou Tunsdlfigamg Jveaunulwihdidgenne oz
dawaliiinisnszaeaamniiludwadu q lunaulume uwivlwihisduladeddglunis
313001158519 NT UM lukUANET LB UUTEANTAINARDAIUBIENITITIUYDS
LUALADT LR B9

55 &gl

Tusmddotl aumadsouiusdessuduassvasilaymmsmiemauiougnudlelag
nsldsedouisliluidadiuuduuy 3 daunmuiunsnszansgumgivesuunnealion
lepunuugauaznsinszuennelddnnismeyszaluliiiunneiieiu nadnsvesgamaii
Ionandliiiiuds LmUIV\IﬂW'JmﬂsuaameLmaimmwmammummwmmaumaammmi
AeUszqlatiinfingaty amgdunssUimumisdouiiietu a 90i Beanmslvanes
ﬂiuLLaIV\I‘WﬁLLawmaauammwmaummuaunaﬂumamaﬂsuqlv@ﬁmmnsuu denalviiiin
AruAnAsvegangiitunslukumaes fdunisainsnruouuinadiaduladeonid
slsiaudounelusnuiumsedifiugty

TnenadnsaldanTusunsudiassaamesadouislivluidadumdlshluieuiioy
fun1snaaeusitegedsilagldiguweiinesluduilawasnaensiaduanuiou nuIaans
fuulullufiamafendu anduazihlvsunsusiaomadldimudululdoanuuuui
nifiiteangungiivesuunineddifiodlessuiassuuuluundaly



unil 6
< d'a =
n1saanuwuuniuliiivawunneIaiisdlasauuwuugIkasnsinszuan

6.1  uni

deldlusunsudnasssamesudouisliluidaduudiuy 3 33 weldlunsduia
puvniifinszarsmuununmeiAifioulooou u Praa1nsniedsEqlifiaineg wiews
p3apUATIginwatlUsLn T aesralasn U Fsufisuiunseaeuiunuiiegieats
voauUmmeIATloyloos UL UL ILATTTINTEUBNLEY WUTTiShsINseeUsEa Wi Tigedush
Tigamgiveauunned nsanzuivlwiidauinuasununumseiiigumniias mngamgd
VDIUUANDISIAsgItuBnavlognsldnuuarsyAnBamuosiummneianas aaondu
AansiedeuiivesanueudiilfiAamadlusiaznissndnanguvgiifigesuunines
Aeslooouluvaldonld fay iletesiulilfgamgivesuunneiguiuly {ideeldin
wuudassrafildindnnansnszasgamaiidmiunisesnuuuuiuliiveauunmedln
delslauiuliihivenzandmiuuunmedfifienlesey

6.2 mssanuuuwivlidwmiunuamesaiiioslassunuugs

Tun1seenLuUUIznainIsasruseure vl fideuse fundusisunss ua
FauInuazd 18U SuieuneunsesnLUULarIA T AUl d s uLUneI AL ey
lopounuugs Fereluil

6.2.1 35nseenuuuuiulwihdmsunuaneifiiislassunuuns

TunrsesnuuuuiiulWiiifietaeanusunaumsadnanudounelununines

awdanaensassenufouvesusuiaiunsrua eswndmuszneuassihaintanuiia
Henfulasideusetu Fwaunsinedetiunisadsnnudoutaenai 2 veseumsi (6.1)
FAnnmuasnglninnslunuvesumnes uionanldsneg1en Wwaannslaves
nsvualiiiuisunseuauazinlniihneluwnuunmes [WunalfAansadisnnusou
Ju Fedunmsdinnginisamudouresiiunszuaasgninnfinnsundll

2

| I°R 1 |
Q=0Q,+Q;+Q,=-TAS +—"+ (6.1)
o NFV,, Vi 0wl A
cell cell tab ab
2
&l a & I Rin
WAUNADIVRIANNITN 6.1 AD Q= (6.2)
Vcell
e | @A nszsalidiNluanieluknuwummas (A)
waz R A9 AU LU IALARN AU UL UL UARET L 899N ALRANE b (Q)

n
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wanawe R AAsduaunsaialaainia3ssdio Chroma Model 17020 wanssizazidunlilu

AARLIN N. AWTORAAINANTIAAIANAUUNIIANETULNLLUANBS LARIgUT 6.1

x10"

bed
@

NMC Pouch 1C I
NMC Pouch 2C i I
NMC Pouch 4C I

o
)
T

w
S
T

et
o
T

Interal Resistance {Ohms)
& w

™
»

™
N
T

n
no

Depth of Discharge (DOD)

'
=

JUT 6.1 nevuansauimunuiasaagluwnuiuaneIfifiedlossuwuuguusias C-rate

NAINNUAUMUNTAL A15aLeNTITINITAT AT oUYRITaRANS 9
lnganenssunseualiin fsil

Rin = Rcc + Retc (6.3)
el R, fe Arenudumuresiasunseualnii (@)
wer Ry A9 Ardnud unIudue AAnainnisluaniueasnszhaliin wu a2l

ansavaruddnlnslas [Wusy (Q) (Choudhari et al,, 2020)
WonarsaniAiauaunIuvessisunszualiia (R,) nnelununined
dwieulesau FaiasunsekativiniunanianezgiiouwardiSunseuadiauinunain

YNOILAS mmmﬁwmmﬂ"]mméf’mmumaﬁa@ﬁqaaﬂﬁmﬂ
|

R=—— (6.4)
oA
Toen | Ao szeenanUsuunseliinluaniu (m)
o Ao Aran1mnisinlniihvesian (S/m)

W A fe wuivthdannszualnialvadiu (m?)

Weaflansaundi Aasunssua azdauneguiudn Aanisvesnszualiinie
a o A - v A a (=] = ] = o
diinasoumininangnayivalunuduiusnaunulniiieesngisasaeuen Jalssezng
Wiy | wanadagun 6.2
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electrons electrons

JUT 6.2 uansszeznwesdidnasauminlnafiannigludiiunseua Weeeuszqluih

TunsAuamsasennuieuvesiaunssualnihldfuusveuwnsad

- szpynevesdidnnseudaiinadian () andusiimuanisadieaiuieu
naenwUiISUNsE LAl FeanunsamuaUsitanIsanALSauTsILnULUAeSl
MnEunTh (6.2)6.4) lawail

? (Rin,C—rate (t))

|
Q) =——= .t =9%DOD (6.5)
cell
R, = (6.6)
A\ab (O-AI + O-Cu )
1?R
S 6.7
QR 2VceII ( )
Qetc (t) = Qj (t) =3 QR,origin (6.8)
Qj,new (t) — QR,new + Qetc (t) (6~9)
Tnedi R Ao ArA s uuessunseuglniineluLunmes (Q)

cC

Q.  Ae UTuamusouniaisluannssunsealniivosuunnes (W/m?)
Q. A9 USuaumu3auiiasaiuainAia e unIuay q Minainnisiianiu

Yoanszualiin (W/m?) wu 93l asazaedianinglad Wudu

mﬂmiﬁﬂmqm%’aﬁmumm'ﬁaaﬂu:uuLLﬁUlWﬂwdauhﬁg%ﬂmmwlﬂﬁ
mMLfissazanruinvauiivlng (Mei et al., 2018) sulauA AN AURUILAZAIIUEN
Fedwanon1sas 19 INS I UV ILUALADS Iummﬁm%mumma’?él,ﬁau"l,aaaut,wuquﬁa
ﬁmsmﬁmsm?{auéummaqmmqqLLaxmmﬂ”iﬂwaqLLﬁUIWﬂW%ﬁﬂﬁU%mm (RNZLAY
i) Waswly uslumenssiuduianumnvssuiulihiounanasmdoiug uazyili
Usunasvasuiulndihsudsunureswunnesiuasuulamiuluse
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Tusuidedashvuauazesniuuruinaugauasaunitsveuiiuli
Tnefianumundanaiu weldlfunuvesuunneiduiasiasuly ndeuimwavesudiv
Il oonuuuasdosfiusumsvindusud uouduuuy aaviethruiaveaudiulnig
peNLUULAazNIdNLUTsuITBUR Y Wil omvuavesuivliihAmingaudmiununines
Aifieslossunuuns Fevunauiulwilunsdsing 4 uandunised 6.1 uazseazidenvun
AMTILVBIUUAABINARLFFIFUT 6.3

13197 6.1 anauiulilihvesuunmesiiisnlessuwuugdlunsdiing 1

u1n (mm) nsdiduLUY | nadi 1 36 2 N3 3
awgd () 25 20 30 37.5
A (L) 0.35 0.35 0.35 0.35
AN (W) 60 75 50 40
ANLNINYRIYRT (W) 20 12.5 25 30

wgap - A —= wfnb — — j—
‘tab
100mm
-+ Tmm
I 200mm i e

JUT 6.3 SgalBunuinnnnTinveswusmesaiielossuluugs

6.2.2

Yurnvaauwnulniii

HAN13I1899N1INTTANaUNYNVaLUALDI ALTiEN leRaULUUYY 1HaUTy

A = - y a S - .
LSJEJ?Tﬂ‘t'ﬂQm‘VinlIuaﬂ']’lﬁﬂ']il‘li\‘i’]u?ﬂiﬂsﬂﬁﬂLL‘UG\LG]E]i smlzum'imu 50°C

desnagrlissansnmuazengmisldnuresuunnoiduas 9nnsiiasigidayana
$rassnmsnszagunivuiuinvesuunneiaiioulessunuunsinsrueniildfinnsuly
unil 5 vilsimsun ﬁé’mﬂmimaﬂisﬁﬁWﬁﬁwﬂisLLaLmeﬁ 8C-rate Lﬁ@ﬂ’]ﬁﬂizﬁﬂﬂﬁﬂ
uvA (100%D0D) LHudnsnsmedszqliiiivilionmgiedsuuiiufiveauunneiiien
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Wiy 51.63°C ﬁaﬁduwamiaﬁaaqmiﬂszmsqmmﬁsuaaLLumma‘%'é‘LﬁaulaaauLmuqa lo
Usurmaveawdtulniluadall §3deTstmunliuanmanmssiassiisnanisaneuseqli
FhensTUALUUASA 8Crate Lilod1assgumgiiigafignluaniiznisldiusisvesiunine’
nanafagul 6.4

v ~a
) NIUAULLUU V) NFUN 1

A) NSEUN 2 9) AN 3

JUT 6.4 Han1sTnaeansnIEatggungil () vuuivesLuameAissloaauwuUgs
= [ (=3 ISP
Wavsurunveaunuluiinlunsdsng o

NFUN 6.4 LAAINANITINABINITNTEANYRUNN TUUNUHIVBILUALADT
Aisulosaunuugy Wevsuruavesuiiulninlunsdangg Ngnsnisaeyseqlniinag
NITLARUUAI 8Crate ol @nIzdugan1sAeyseqlnil (100%DOD) dunsunIseanuuy

=3 Y a a [ o v P 5 a
uAaAU AN N8 USLIRSTWINAY TnemRuAlARNNNUIAT 91NTUAsURUaIAIY
niuazaNgeveulnilunsdlnng 4 dswanslunised 6.1 wudn arundefiiiady

~ o ydy A Y] < P 1 a d’” 1 Y | a
warAUaINanasazilinunmidaveswiulnininsvualvaniuiiudy dealiuTuu
AMUSAUNAS 199N ANUAUNUNETURUAW BT ANAY LBLUSsUBULUaS I URNITANaIYDY
PN ITENINUUANBIAUL LKAz RUAWRITeanwuUlm dmSukunnesaiiieulosauwuy
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09 WU AermnhvesuunneTviafu 40, 50 uag 75 mm. yhilgamgianauyiniu -3.50,
-2.32 uag 4.63% AUA19Y

uanaInil nsd suruinveswiiulniiidsdsmansenusoagung fidau
Deauunnsgiu (TSD) fleunedsauiduvesganginiegamudouiiifnduuuuunnes
mneniidlndaug awvsvenfauunneiinisnsznedegsaiiaie annsnazuagumnd
vosunuuummedaifieslessuLuug Weuiuruavedulwitlluned 6.2

= a da a d‘ U 3
$1319% 6.2 QmﬁﬂumﬂWEﬂULLﬂULLUWLG}EﬁﬁLVIEJSJIE)’E]@‘ULLUUQ\‘] Wausurwnvesunulnii

aaumndl (°C) NIRIAULUY N3l 1 Nyl 2 | nedifl 3
aamnilgan 51.91 49.52 53.20 54.78
gumniiade 51.38 49.00 52.57 53.18
TSD 0.31 0.29 0.34 0.45
nsanasvesgungll (%) 0 4.63 -2.32 -3.50

INMTANTUWANTTIABIIWAUTENINGUN 6.4 Uaznn3199 6.2 Inetna
113918840130 58 R UNY UL URITBIMUALNBS aeulasauluug e W emnuaulay
< Qg = a = U S v o ¥ 1
ganuuuvwInvewnulnie 3 nsal Wisuisuiunsdldunuuyilinguin sUwuuves
LuAmINMIngandmiun1sangungivedwunneiaviulesaunuugIfe N1seanLUY
wiulwilunsdi 1 Fuilieamglivemnuuunneianas 4.63%

6.2.3 WAN13INABININTLILUNNNVaLUALART ATieulaaauluugs 1ile
a o 1 <
wWasumurtsasuiulni
Tudeilaziuunsumiwswivlihvuwusmesadieulossunuugslml
Tngfvuamuning anuvukaravawesaublindmafuvsewinduiunsdsuwuy &
suvisvaunuliiiingdlsing q uaneagui 6.5 3ufmanisinaein1snseategumngiives
da dll a o ' < S P @ d'
wusmasaedlessuwuuge Weldsuduvteasnuliiinsdlsing q uansdsgun 6.6



A1) NN 4

Q) NN 5

A) NN 6

U7 6.5 sundsuiiulnivesuunmesiifisulossuwuugdlunsdsing 9

94
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A1) NN 4

Q) NN 5

70
65
1 60

55

A) NN 6

JUN 6.6 NaN1331889N15N588RNYE (*C) VuNURIveLUAMEIaNlBoB UL LYY
Wewdsusumisvasuiulninlunsdlsng ¢

INFUN 6.6 WAAINANITIIABINITNTLAURUNYT VNN UAIVDIUUALAEGT
Aiisulossunuuge Weowdsusundswesiuluilunsdane fdnsnisaadszqlnih
AIENTEUARUUAIN 8Crate o d@NIEAUANN1IAEUTEYINTN (100%DOD) WuI1 NsLURew
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funsvasudiulwdiis 3 nadl vihldavesnieninedeuiivesdidnasouiilnaiian sauly
famanudununieluvesiidunssuaiisidnasousoundaydsuwlaciy dewaliusunm
mudouvesunaeifiad s uUasundaimluie Tnsnmznsiuasusumwosuiiv
T lunsdifl 6 aziszey mﬂmﬁm?{auﬁﬂuaa@Lﬁﬂmaﬂﬂé’ﬁaﬁuﬁmiﬁﬁ 4 wAauaT

[

ammmamﬂmwmLmaﬂuﬂimw 6 aqmmsmm 4 Tusnansdumdadivliihdauinuazdn
ausuamsm‘m 6 oglndnu AN Al US NS B LA NS AUAI IS DUTB LN LU LA B3 LAl
awu LiJ’e]LUiEJUL‘VIEJ‘ULﬂaiLGU‘L!GIﬂ’liaﬂaﬂ"uaﬂamﬁﬂMiuM’J”mLL‘UG]LG]E]W]ULL‘U‘ULLa SUUALADIT
sonuuulnemsasusumdsiulnilug wuin nsasusumisesudivlndinlunsad
4,5 uay 6 miwqmmqmaqmemaiammmmu -0.21, 1.24 Uag -5.45% AUANU WAy
mmaaaqﬂmqmmﬁmaqLLﬂuLLummﬁﬁLﬁa:ﬂaaauquq dlowdsusumiwediulndal

Tums199i 6.3

a a da o dll = o 1 =]
#1319 6.3 QmﬂqmﬂqﬂiuLLﬂULLU@m@iﬁLV]EJN"LEJEJEJULL‘UUQ\T LlIEJL‘UaEJUW’]LWTUQGUENLW]‘UVLW‘W'W

gaumgil (°C) n3fiAuwuY nsdii 4 nsdin 5 | nediil 6
anumniiasdn 51.91 52.10 51.45 61.22
gungiiade 51.38 51.49 50.75 54.18
TSD 0.31 0.38 0.36 1.85
N38AR9URIRUNN (%) 0 -0.21 1.24 -5.45

INNTATUWANTTIADIIIUAUTENINGUN 6.6 Uagans1d 6.3 lnetna
N1591809N1INTEILRUNYTUUN UYL UANETAeulaBauLUUge WaAsusmunes
] & = = = Y Ny o q v i A
wiulive 3 nsdl Wlsuiiguiunsdiuiuurilingiuin sUluuTesunnaInmtnvay
dmsunisangamagiiveanunnesaiiienlossunuugifie n1seanwuuwiulnilunsdln 5 39
g IveaLnuULUAWeIanas 1.24%

< o [ d'q =

6.3 ﬂ"lﬁ'a'e.]ﬂLL‘UULL’VI‘UIWWWHWWTULL‘UGIWlaiaWIElﬁJ'laaauLLU‘lJﬂix‘lﬂixiJaﬂ

TunseenuuuaznaININITaseAuSauvswiu i NG ausaduLudITUNS S LA
T9UNkaZTIaU FINDITUADUNITEDNLUULAE AT AW Ul d 1S uLUsLeeS AL ey
lopaunuUNsINszUan sanalull

6.3.1 3sn1seanwuuwnuinindinsunuamasaiieulaasunuunsinszuan

ANYULNITAS AN BUVDILUALADS ALT 8L DB ULUUNTINTLUBNIL

a [ dy d' d' I a g Ly d' cl' d' cl'
f91sandell WewunwesaeUszgliin wuididnaseusiilnafianizsindeunnuaanuen?
Yoaun U ITUNTEURALIR N laedvuIawinAY 81 cm. wanwiegun 6.7 dwaliinaindy
Arumun1eluveIui uAIsunIlaliA1uINNIwUaLn o3 aiisuleaunwuuge lngaIAIY
AU Ul muAveILUAMETTIIALA d1uNsaLanmalafiguR 6.8
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positive current collector |
separator

Tab

—_— electrons
y — 5.9 cm.
t Tab

] Negative current collector

A = = a & 1 v
E‘U‘V] 6.7 ﬂ?‘iLﬂa@uVl“U’eN@LaﬂmiaumﬁmLLu’m’J’]ﬂJEﬂ’J‘U@ﬂLLN‘L!G]’JSUﬂS%LLﬁIW‘N']

0.029

NMC Cylinder 1C-rate
NMC Cylinder 3C-rate
NMC Cylinder 5C-rate

0.028 -

0.027 -

0.026 -

0.025 -

\A %

0.024 | -3 =4
7 %”’/‘\fv
| v

vi‘k\ "

AN 2
‘u»’ﬂ L\,r\M \/\/\/Ml“fmjl‘\ﬁ,ﬂ ;& NDw(/j\g/“/ |

Interal Resistance (Ohms)

0.023

0.022 - * 3 -
0 0.2 0.4 0.6 0.8 1
Depth of Discharge (DOD)

E‘Uﬁ 6.8 AANUAUMUNEluTINaYeUALm eI AN leaauLUUNTINSEUBNUAaY C-rate

1INAIAINATIUNIUNTALA @ U5aReNNITUINITATIIANUToULDITHR
7199 laglaniginasunseualuiln Lansnsdun1si (6.3) T9AIAIUATUNIUVBIAISU
nszuali (Ry) aeludusmesdiionlonsuuuunsinszusn funIszlatIvInyinuIin

TanoralillunuazdiunsEuatiauinuNNTagA AN TOAUINAIANNAIUNIUYBITER
Maatlaanaun1snsmAmAuiIunIuYeIIunsuain (6.4) laguszgndldiunismaen
ANUMUNIUYBLUAMBTALTENloRRURUUNTINTEUBN AR

_I/n

M (6.10)
oA

R
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A o

megn N Ao F1uruveIAU NI ILAULLNUFISUN S LA
Ao szeenanUsuunseliinluaniu (m)

Ao Aranmnisinlniihvesian (S/m)

[
=1

Ao Nunutndannszwaluiluaciiu (m?

)y 2

> Q9
b

Tun1sAuianIsas1esausouasfisunsyualiivssuunined aiioy
lospunuunsInsTUenldimunveuagil

_ ansvezvnensiedsuiivesdidnaseusionsifindivaundiuliih Jssiuau
vl AT uasdesiiuunnssufuwifuuiuliiivesunnedduluy

- mefivsuuniivlniinlussesisfivingu azvhliansseeniansiadeud
YdEnAsaUULLHLT S UNssLam LS UL I AT

- szprnavesdidnnseudiilnadian (1) awdudiimuamsairsaudey
naanwuiISUNsELAlNT FeanunsamuiaUsitanIsanALSauTsILnULUAADS T
Tneninaumsd (6.10) anuszendldlawsd

Q=—" :t=%DOD (6.11)
cell

R, =M (6.12)

'%co-cc

I’R

= 1

QR 2VceII (6 3)
Qetc (t) = Q] (t) a5 QR,origin (6 1 4)
Qj,new (t) - QR,new + Qetc (t) (6-15)

ANFUNIT0NLUULUALNDSALTI8U LD ULUUNSINSEUDNAEALTUNITLAY
Sunuwiuliiuaziuaeuulasiinugaveswivlnilussegsng o lnedmualininuning

A a | A o v A ] W a <
WALAMUNUIANT LAENLARENSEANUALAUSUINTTINVDIAU WA A UUS UMV WA
T nsalduuuy danansluns1ei 6.4 wagdundsnisnaiulnilaldmds spiral uag
curve driven pattern uulusunsu Solidworks lunsinine@isaylassazinsvosuwiivlaig
Wihiuuaneisgun 6.9
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M597 6.4 BuakazsululnivesunmesafisnloosuluunsInszunlunsdlang ¢

. » Auuuu nsdin 1 nséin 2 | nsdifi 3 nsain 4 nsain 5 nsain 6
Fruruuulnia
(1 tab) (2 tabs) (4 tabs) | (6 tabs) | (10 tabs) | (14 tabs) | (Full tab)
prmgs (Nigy ), (mm) 11 11/2 11/4 11/6 11/10 11/14 -
AUNUN ( Ltab ), (um) 100 100 100 100 100 100 100
aunde (Wigy), (mm) 35 35 35 35 35 35 35

=2 ®
e gl

positive and negative tab of case 6

electrons

Y

JUT 6.9 dunisnisdanauiulniidmelusunsy Solidworks $1u3u 2, 4, 6, 10, 14
3 < o
wazuviueNguwuL (Full tab) auany

6.3.2 WaN13318IN1INsEALRANYHINN1TeRnUUULTIUTHAGmuLUAAES

Auisulesauuuunsenszuan

e nwgaumafiluannenisldauaiwesuunne’ ddliaisiAu 50°C
desanagrliseansnmuarengmislisuresuunneiduas 91nmstinseideyana
Srassnmsnszaguunivuiiuitvesuunneiaiiioslessunuunsinsrueniildfinnsunly
und 5 shlsmsudn fsnsinsmeuszlalindionsuanuunsi 5Crate WomeUsyqliiih
JuvA (100%D0D) LHudnsNsmedszqliiiivilienmgiedsuuiiuiveauunnediien
Wity 51.14°C fadunanissasanmanszaegamgiiniseenuuuuiulwidniuiuane’
Atesleounuugslundsd ifelsimulinanimanissiaosiisnsnsmeussqluiide
nSELALUUAST 5C-rate Liledraesgamaiiigefigaluaniznsldnuaswosunned uang

FsguTl 6.10



515

51.45

514

51.35

513

51.25

51.2

51.15

511

51.05

476

47.5

47.4

147.3

147.2

46.9

476
475
47.4
471
T
6.9
6.8 46.8
6.7

4
4
4
4

46.7

46.1
46

i 45.9
458
457
45.6
45.5
45.4

Q) N3l 4 (10 tabs)

458

457

456

455

454

JUN 6.10 nan1sdnaesnsnsEtggunil (*C) vuiuRIuagiunntfnnsinanas
rosuunmesaifienleoukuunTINszuen Wesenuwuudtuwiulnilunsalsing o

49.3

49.2

49.1

47

46.9

46.8

46,7

46.3

46.2

457

456

455

454

2) N36I91 5 (14 tabs)

100

49.4
483
492
49.1
49

489
48.8
48.7
486

485

47

46.9
46,8
46.7
46.6
46.5

46.4
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456

455

454

453

452

451

%) 5T 6 (Full tab)

[ '
A =

U7 6.10 nan1591809N13n32989ungll (*C) vuiuiuasiufividaasinnans
da a 44' ° 3 N !
SUENLL‘UG]LmaiaLWB@JI@@@ULLUUW?Qﬂi%U@ﬂ Lll@@@ﬂLLUUQWUQULLWUIWWWIUﬂimqu ) (p)

INFUN 6.10 KAAINANITIINDINIINTEINLRUNNTUUNURI UAENUNMINFR
ATININANVBUALADIT TN lEDRULUUNTINTEUBNTIENTINTAEUTERLTIIFIEN S RaLUY
AYN 5C-rate Lﬁamaﬂizaﬂvﬂﬂwwm (100%DOD) @115 UNISDONBLUUIUINLALITUIUY DI

3 v a A 1w ° v P < ~
wAUlWA I A8TAUS U9 SAMNAY 1a8AIMUALTAIUNUILAEAUNI 1989w A U TN 1A

5 a =3 a0 [ a A a a <@

MnuAsurnnLgawiuliilunsdlang q daandunsd 6.5 WeRiansaiuiy
T wuqn mia%’wﬂ%mmmm%’awﬂmaﬁ’wmuuﬁﬂw%ﬁLﬁﬁmﬁulﬂmmmmmiLL‘U'@
nseualnin (Current divider) nanfe U%‘MWNﬂS%ﬁLL’diWW’]ﬁIMaNﬁﬁLLﬁUQ%QﬂLLﬂ\‘iaaﬂm’WﬂJ
o < A a ‘5 a = < A a qi” 3 ¥ a
U UIHA LA LT U TasUSunsewalni19i lrasenannuAUuR N uT Ut UL AT AN

) ~ a Al ' 2 = \ ) a <
Wiy deid Wedsmunszualiihnlnaiuunuiivuinanas dealvigaumgiivesuniulni
anasuluaae s2udenIsius 1 uuvaswi vl luszegvinamaduazyilianusaud
AT UUULHUAITUNTELEaNAIAIUTEEYNINNITLIAA DU VIDLANATO U TI811150AIUI
USuaumnusauusnaiilanannaunisn (6.12) way (6.13) MUSIRU d9KaLINITES19ANNSaU
YoswuAmeItonmginanamiudauunuliih iy Wewssudeuilesivsudnisanas
Y999UNATTENINLUAMBIAULUULAzIUAM B ToanwuUInd dmTununmeidiiieulessy
WUUNNSINTEUDN WU Auuwiulwidinduan 1 wivdu 2, 4, 6, 10, 14 wazwfiulfiy
sUkuy deraliiwuilduvesauvgdananvindu 4.43, 9.45,10.13, 10.80, 11.01 uaz
11.58% ®nua1eu
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IINT 6.5 aungiveanuuunmeidiieylessusuunsinszuen Warinwueaiuli

oamad O Funuu nsei 1 s 2 s 3 s 4 36 5 36 6

T (1 tab) (2 tabs) (4 tabs) (6 tabs) (10 tabs) | (14 tabs) | (Full tab)
qmmgﬁqﬂqm 52.45 49.74 46.84 46.43 46.11 46.01 45.65
qmwgim?a 51.22 48.95 46.38 46.03 45.69 45.88 45.29
TSD 0.16 0.24 0.23 0.22 0.21 0.19 0.16
nsanasvesgungil (%) 0 4.43 9.45 10.13 10.80 11.01 11.58

MNMSRTUNANTTIABITINAUTENINNTUT 6.10 uazans1eil 6.5 Lileth
nad1aBINIsIRNRUUMINIE Mg TvesuuAneIATiexlosauLuUNTINIEUBNT 6 N3l
Wisuiisuiunsddunuwilivsuin suluuvesunneiivanzaudmiunsangamgd
yosuuneIaisnlossunuunsInszuan Ae nseenuuuwdiuliiiuduguuuy (Full tab)
[esmnssezmanisiedouiivesdidnaseudulunueugauesuiudasunssua s
muwmaawuwummaqLmulvxlﬁmsuumiwmmmiwma‘umunmam WAN1TRONRUUIAY
i lunsddiiusimsvesiuitlinifuiuduwuy fofu msoenuuuuiiulwillunsdd 5
Judunsdivanzanivinligamaiivesuunmeianasis 11.01%

6.4 &3
< ° 1 da o Y a =i
nseenuuurLInveIwiuliihdmsuuunnesdifisulossunuuganelduiuinsy
wiriy aerimuelvininunuasd MntuUdsuudamiunnnnunauaeaugs snluanis
Waswihuwndsesuwiiulwinlunsdangg wui aweundeiiinduwazaugefianas oy
o g vl & v oo =] = a & o i ] a o g v
ilvunniddaveawiulnindvuaindy waznisesniuuiuisvaauiulninvili
dianmnsoundouilaluszeznnsduign avviliranusunun gluvsawluiisunszuan
didnaaudonndyanas demaliuiunaanuieuiiadisluvewunaes fifisulossunuugs
anad wan1sesnkUUILIALarSIwIuwIuliveLunmeIAivienlessukuUNsINTEUeN
MelavSuasiviiu Ingwdsunvasuuaanugslussagsng q anduivualivuinany
niauazauvuIAi wuin Snuwiulliidetu ez liusuianisadennuseuves
LuAweIiauniiana Wetdnad1aeIn1598nkUUNIINTEANURUNNTVDILUAABTAL LY
leopunvugeiagnsInszuanualsuisuiunsalauuuuilinsiuin gUluuves
LuRmaIIMINEaNdmMIUNITangMTiveIwUAmeTaLeuleaa LU AT TINTEUBN AB

< aa o w = o ¥ a da o

nseoniuuwiuliilunsdlil 1 waz 5 auddu Feilvigamgiivesunneiaiiivulossu

YI9EDILUUANAY 4.63% Lag 11.01% A1ua1nu



uni 7
AJUNANISILUATVDLAUDLUL

7.1 @5Unani1sIveY
mseenuuuL Ul nvesunned Aiiiexlessudmiusueudlni Tasnsiamn
TusunsulWlwidadunsduu 3 78 dwmiudasmansnszawgumginelulunineiaiiio
lopouuuuguasysinszuaneldEmmmametssq iuuuas ansnseasunamsiSeldwsd
nan1siiansgamniiedsnieluunununnesdiiivulossuuuuganelidasinisae
Uszqlaihuuuasdl 1, 2, 4 uay 8Crate muddy WoAuannisaeUseglaihil 100%00D &
Ay 27.34, 31.14, 39.07 wag 51.38°C muddy dwsunamssiassenmgiiadenisly
unuLUALRe3 ALTiBsloosuLUUNTINTEUBNMElEs NI eUsRliiuuuAs 1, 3 uas
5C-rate puddU LeAuganisaieUszgluiing 100%D0D fawvinfu 28.44, 39.44 uaz
51.22°C AUAIRY IINWANTTIADIVIUUALADT A 2 sUuUy wudndednsinisaelseq
nifuuuasiifisiu Vilfgamgiindsuuiufivouunneiiutu lasgaiiuiinmunisadis
AnuouuazgamnigeanveaLUnmoIsgiiuiu i uazusnandulatuuivli
dewFsuisudianuaainiad eu (%) vesgumyiiied suufluiunuuunined
sEwinsHannsINasLAzHAN IR URIE 19Tl uuYes e ludUiTavesuunined
Alenlespunuugungléddninnsmevsyalilihuuuai 1, 2 uay dCrate SlAwindu 1.72,
0.36 Uz 0.41% MUAIRY uazdMTULUAmeI AT sulessuLUUNTINTEUBNTANAN
AAALAADY (%) maiﬁé’mﬂmimaﬂszaﬂw%%wumﬁ' 1, 3 way 5C-rate Wiy 0.88, 1.63
uay 2.07% audIy wansliiiuintAn A ALARBUYIHAN1TINADIUALNANITNAGB U
fhesammaneusyaliiiusay Crate dariilndiAssdy srnduiiarsanuisuiounanis
dNavuazHan1IIAaUeg199s lneldndensaadumiuseu wuin1InsEateaamn vy
flufitvesuunned diisulessunuuguuasnsnseuonidnuuenisnszaisgunnfives
wuameslUlufirmafendu
dwdunadnsileanlusunsudiasmamesadeuisinluidadiuud {ideldinly
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gﬂﬁ f1.7 Digital Anemometer
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Abstract

Li-ion battery is the most popular energy storage system for the propulsion of an electric vehicle since the Li-ion
batteries are high energy storage device and high energy density. However, Li-ion battery performance is highly
sensitive to the operational temperature. The aim of the present study was to comparison and analysis of temperature
distribution between the pouch and cylindrical Li-ion battery. The solution in thermal equations to be solved by
approximating in the form of the partial differential equations (PDE) by 3-D finite element method using that all the
coded developed by MATLAB program and the mathematical model that is time dependent. The simulation results
show that an increased discharge current rate from 1C to 5C results show temperature increased. An increase the
surface area and the cross-section tab area under the same volume conditions. The simulation results in formation of
temperature decreased caused heat generation decrease. Thus, the temperature distribution of the pouch Li-ion battery
less than the cylindrical Li-ion battery.

Keywords: Li-ion battery, 3-D finite element method, thermal distribution, thermal model

1. Introduction

It this well known that the most popular energy storage system for the propulsion of an electric vehicle,
Li-ion battery is considered as one of the major concerns, since the Li-ion batteries are high energy
storage devices and high energy density. However, the Li-ion battery performance is highly sensitive to
the operational temperature [1]. For example, Li-ion batteries often suffer severe power loss under
temperatures below zero degrees Celsius and face the increased risk of a thermal runaway at extremely
high temperatures [2]. Thus, a thermal management system is necessarily required to control the system
temperature within a permitted range, and maintain the temperature uniformity throughout the overall
system.

The above thermal analysis of heat transfer problems will be explained in the form of differential
equations, which require the solution to be solved by approximating in the form of the partial differential
equations (PDE) and the popular method of solving a partial differential equation is 3-D finite element
method [3]. The aim of the present study was to comparison and analysis of temperature distribution
between the pouch and cylindrical Li-ion battery by using a 3-D finite clement method, which is
controlled the Li-ion battery under the same volume conditions. To find a suitable model for using in
electric vehicles and accurately predict their thermal behavior under conveetion conditions.

2. Mathematical Model of Temperature for Li-lon Battery

Based on these assumptions, a Li-Ion battery 3-D heat transfer equation under the Cartesian coordinate
is derived as Equation (1).

* M ipt received N ber 15, 2019; revised September 1, 2020,
Corresponding author. Tel.: +66-44-22-4400; £-mail address: padej@sut.ac.th.
doi: 10.12720/sgee 9.5.915-923
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-2 2 2
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+0 (1

Where p, ¢,  and T"are the average density (kg;’mg], the average specific heat capacity (J/kg-"C), time (sec)
and temperature ("C) of the battery, respectively. &, &, and k- represent the thermal conductivity (W/m-"C)
of the battery in coordinate x, y and =z and Q represents the heat generation (W/m?).

The Li-lon batteries are made up of multiple layers of different materials. To simplify the calculation,
the average density and the average specific heat capacity of Li-lon battery can be calculated as [4]

2 2 P
Pt = Coelt =
2 2m
i [}

Another important parameter is the thermal conductivity coefficient, which can be calculated as

follows [4]
Z kl’ "Il’

Ve

and

ko=—et_ and k)

o

Where k and &, are the average heat conductivity coefficient in series and parallel respectively. During
the discharge cycle, the heat generation is taken place caused by the flowing of current J, through the cell.
And the heat generation for the battery which was developed by reference [5-6] can be written as

- -
Veer ¢ A an

20 (R0 ®

Where 1, Vg U°, U Aypand o

. are the battery operating current (A) (positive for discharging and
negative for charging). the cell volume (m®) of battery. open circuit potential (V). the cell potential (V),
the cross-section tab area {mz) and the electrical conductivity of tab (MS/m), respectively. The first term
is the heat generation due to joule heating can be described as

I'R
[Uu 7u] — = in (3}

cell

I
QJ ~ I

cell

The internal resistance Ry, (~2 m{ [7]) during charge/discharge can be determined by Equation (4) [8]

=)
= 4
an ] ( }
And the second term is generated due to entropy change can be written as
Pt LUes 2} et et (5)
© Ve ar nFv,,

Where F is the Faraday constant (96,485 c/mol), n is the charge number of electron and taken to be equal
1. the entropy changes (AS J/mol-"C) of LiNiMnCoO, (NMC) and LiC (graphite) considered in this
study are illustrated in Fig. 1. These data are taken from reference [9-10]. The entropy changes typically
to a reduction reaction, which is the discharge reaction for a cathode in a full cell. Thus, the total change
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in entropy for a cell during discharge is [11]
AS =AS. +AS, 6)

Where AS, represents the entropy change of the cathode material for reduction reaction, while AS,
represents the entropy change of the anode material for the oxidation reaction.

- P b
s . .\.
rd ™ &0
/ N,
e |
N 50§
s h |
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g Ex
= 2
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£ B ]
s 4 T 10
]
-0 ff | T —
-10 ! ‘\.
1 20
0 01 02 03 04 05 06 07 08 0% 1 6 81 02 03 04 05 06 07 08 08 9
stale of charge (SOC) state of charge (SOC)
(a) (b)

Fig. 1. Entropy changes (J/mol-"C) under different state of charge (SOC): (a) LINIMnCoO; and (b) LiC,.
3. 3-D Finite Element Method

The 3.65V/20Ah pouch battery provided by the manufacturer can be found in [6]. In this battery cell,
there are 18 cell assemblies. One such assembly consists of sub-layers are shown in Fig. 2., In a case
study, a cylindrical battery on the right side was designed to compare the temperature distribution, which
is controlled the Li-ion battery under the same volume conditions. The 3-D finite element method domain
can be used linear tetrahedron elements, which a pouch cell model consists of 11,621 nodes and 53,204
clements, while a cylindrical battery consists of 10,565 nodes and 55,461 clements.

- positive tab (Al)

negative cusrent collector (Cu)
negative electrode (zraphite)
Separator

positive electrode (NMC)

positive current collector (Al)

negative tab(Cu) -~

Fig. 2. Component of a pouch and a cylindrical Li-ion battery.
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(a) (b)
Fig. 3. Mesh of Li-ion battery: (a) pouch cell and (b) cylindrical cell.

From Equation (1) the creating of finite element equations was applied to the method of weighted
residual by the Galerkin method. And this paper was used the tetrahedron element for the shape function
(three dimensions) for the finite element method. According to this method, Equation (7) and (8) are
expressed corresponding with temperature [12].

T(x,y,2t)=T,N,+T,N, +T,N, +T,N, (7

Where 77, T, T; and T are the temperature of node 1, 2, 3, and 4, respectively. And Ny, N2, N; and N, are
the element shape function, then

N, =—

e (a,+b,x+c,y+d,z) (8)

And V' is the volume of the tetrahedron element, which can be found the determinants of the coefficient
as follows (9).

x4, dsz
1 BI® zi
V= l a\E 3. )
Gl [ S
L x, ¥y 2z

The position coefficient defined by

a =2 (02 - 05)+ 5 (Vz - nn)tn(hz -nm)  a=x(n-n)to(sn-2)+xn(z-2)
a, = x 8z, — 3.2 )+ %, (02, = V7)) £ 24 (Vezs = 9nzy) (4 2-*4(53_51)'*'*'3(-'1_:4)‘*’"'1(-'4_:3)
a; = x, (V2 22) + %, (V25— 02, ) + % (322~ :2,) ¢, =x, (2= x, (2,2, )+, (2, —2)
(142\‘(h_1 122 % 052 =955 )+ X% (V322 02s) G =5(2—2)+x(5-2)+x(z-2)
b=y (z-2)+y:(2—2)+ (2 -2) di=x,(yi=3)+x(n=y)+x (v -n)
bz:)'4(51_:3)'*',‘1(:‘_-4)+}’3(54_:l) d’—"4(‘1_Vz)'*'xl(."‘_)h)'*"3(,"4_‘1)
b=y, (z5-z)+»(a-2)+tn(z-2) s =X (1= 0)+ x5 (1 —2) x5 (v - 32)
b4=,"3(:|_:z)*‘,‘l(::_-z)*').:(:s_"1) d, _"z(‘l_.‘:)""rl(}'z_)})*‘ z()s 1)
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After that used weighted residual by the Galerkin method and was applied to the differential equation
(1), where the integrations were performed over the element domain V.

J’I_anc'z_rdr L[ N, OT ONw 3T ﬂﬂ)dlw—jrﬂ!"hm]#‘[j_N"Q_‘TdV

xoxox’&@l - (10)
= [ NWT.dr+[ N,0,dV + | N,0dV
From equation (10) can be expressed in matrix form

[C]{T}+[KL+K,5+KJ{T}={Q} an

Where [(] is the heat capacity matrix, [K.], [K}] and [K,] are the thermal conductivity matrix, the heat
convection matrix, and the entropy change matrix, respectively. And {Q} is the load vector for heat
generation can be described as

Y
121
C), ., =pe— 12
[Ls=rezgly 1 2 4 (12
1112
[K, Jops = 361( bk ke [+ [ddi])  sk=1234 (13)
2111
ylit 2 11
K,+K h 14
[ IJ+ .»]u-‘ [ +AS V Jzn ] l 2 1 ( )
1112
1
(@) =10, +0,+ 0}, =| T, &5 ol V)V (15)
"N d s ch.f!’ ‘4:#16 4 ]

1

Where / is the heat convection coefficient (W/m*°C), Tums is ambient temperature (°C). In this paper, the
simulation was set initial temperature equal to the ambient temperature (7= T, = 25°C) and the heat

convection coefficient was set to equal to 10 W/m*"C.
Equation (11) { }rcprcscnrs the temperature distributions depending on time. Thus, the backward

difference method is used as shown in Equation (16) [13].

{'}}w S (16)

At

For the calculation of all elements in the system of n nodes, the system equations are nxn matrix.




124

920 International Journal of Smart Grid and Clean Energy, vol. 9, no. 3, September 2020
4. Dimension and Parameter of Li-ion Battery

The dimension of a pouch and a cylindrical Li-ion battery is shown in Fig. 4(a) and Fig. 4(b),
respectively. The parameter of a pouch and a cylindrical Li-ion battery are provided in Table 1. [6].

| 30 man. { thickness of tab 0.34 mm.

diameter and thickness of tab 40 and 0.3 mm.

195 mm.
N heigh of the cell core 137 mm.
! 125 mm 1
thickness of cell core 7.078 mm.
(a) (b)

Fig. 4. Dimension of Li-ion battery: (a) pouch cell and (b) cylindrical cell.

Table 1. Material and geometric properties of the Li-ion battery

Material P (kgm’) (Wim-"C) ¢ (Ikg"C) O (MS/m)  thickness ( um)
Positive tab (Al) 2,702 238 903 378

Positive electrode (NMC) 2,805 1.58 1,270 T0

Positive current collector (Al) 2,702 238 903 21

Negative tab (Cu) 8.933 398 385 59.6

Negative electrode (graphite) 1.555 1.04 1437 79

Negative current collector (Cu) 8.933 398 385 12

Separator (PP) 1.017 034 1.978 25

The cell core of pouch cell (mixture  2.258.79 ks =hy=26.58 (parallel) 122536
of the scparator, the electrode, and k-=10.973 (scrics)
the current collector)

The cell core of the eylindrical cell 225879 ke=k:=0.973 (series)  1.225.36
k,= 26.58 (parallel)

5. Result and Discussion

The 3-D finite element method based simulation is coded with MATLAB programing for calculation
of temperature distribution inside the Li-ion battery. At the beginning of discharge, the most heated
region is located at the positive tab. Thus, the region of the battery core, which is adjacent to the positive
tab is more heat than the rest, Superior heat generation at the aluminum positive tab compared to the
copper negative tab is due to the lower electric conductivity, which can be described in Equation (17).
Whereas, the heat generation in the battery core is one order of magnitude smaller than the tabs, which is
shown only 5C-rate in Fig. 5(a). As the discharge progresses, the battery core, the positive tab and the
negative tab increase to high temperature as shown in Fig. 5(b).

. r an
AT

t

Fig. 6(a) shows the most heated region is located at the cell core. Thus, the region near of the cell core
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is more heat than the rest. If comparison of area between the cell core and tab. Results show the
temperature of the tab less than the cell core because thickness of tab less than the cell core in Fig. 5
under the same volume. In the end of discharge, the battery core, the positive tab and the negative tab
increase to high temperature as shown in Fig. 6(b).

51

as
(a) (b)
Fig. 5. The temperature distribution ("C) of the center section at 5C-rate: (a) 360 sec and (b) the end of discharge.
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Fig. 6. The temperature distribution (*C) of cylindrical battery at 5C-rate: (a) 360 sec and (b) the end of discharge.
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Fig. 7. The temperature curve of batteries under different rates: (a) max. temp. of core and (b) ave. surf. temp.
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Fig. 7. shows the comparison of temperature distribution between the pouch and cylindrical Li-ion
battery under the same volume conditions. Fig. 7(a) show the maximum temperature within the cell core
of various discharge current rate, while Fig. 7(b) show the average surface temperature of various
discharge current rate. These data confirm that an increased discharge current rate from 1C to 5C results
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show temperature increased. The temperature of the cylindrical Li-ion battery more than the pouch Li-ion
battery, because the surface area of the cylindrical battery received heat transfer from the air less than the
surface area of the pouch battery. And show the temperature results in Table 2.

Table 2. Maximum and the average surface temperature under different C-rates of the Li-ion battery

Temperature results ("C) 1C Ele sC

Max. temp. of core (pouch) 26.52 35.69 48.45
Max. temp. of core (cylindrical) 2831 39.80 51.92
Ave. surf. temp. (pouch) 2648 35.05 46.12
Ave. surf. temp. (cylindrical) 28.05 38.66 49.89

6. Conclusion

This work study was to comparison of temperature distribution between the pouch and the cylindrical
Li-ion battery by 3-D finite element method. It may be concluded from the present study that the
discharge current, the cross-section tab area, the electric conductivity, and the surface area has a
significant influence on heat generation of the Li-ion battery. The simulation results show that an
increased discharge current rate from 1C to 5C results show temperature increased. An increase the
surface area and the cross-section tab area under the same volume conditions, the simulation results in
formation of temperature distribution decreased caused heat generation decrease. Thus, temperature of the
pouch Li-ion battery less than the cylindrical Li-ion battery.
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Tab Design for Thermal Reduction in Pouch Lithium-Ion Battery

by Using Finite Element Method

P. Pao-la-or, N. Somphong

Abstract — Tabs are important sections of receiving and transmitting electrical power to various
equipment. However, if the internal temperature of the battery is too high, the battery getting 100
hot may shorten the battery life and lose its original performance. Therefore, to troubleshoot this
device from overheating, there is necessary to design the suitable tabs. In this work, the developed
finite element method is employed to simulate the temperature distribution of 3.65 V/20 Ah pouch
battery at the C-rate of 1C, 3C, and 5C. The simulated results appear that a significant heat
accumulation at the positive tab of Li-ion battery will occur when the highest discharge rate of 5C
is conducted. Also, the high rate of this discharge makes the cell core of battery have a higher
temperature as well. Therefore, the thermal behavior is further analyzed by adjusting the sizes of
tabs, i.e., height, thickness, and width. As a result of size modifications, a reduction in the heat
deposition and current density are observed. In addition, the received results also show that the
tab with dimensions of 20 mm x 0.35 mm x 54 mm (height, thickness, and width, respectively) is
the suitable size for diminishing the average temperature of the tab and cell core as well as
increasing a distribution to be uniform. Regarding the temperature change, the sizes mentioned
above can drop its temperature by 6.68 °C for tab and 2.03 °C for cell core as compared to the
original case. Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Lithium-lon Battery, Tab Design, Temperature Distribution, Finite Element Method,

Simulation

Nomenclature At Stepping time [s]

X g AS Entropy change [J/mol °C]
Awb Cross section tab area [m”] U Cell potential [V]
c Specif:w heat capacity [J/kg °C] o Open circuit potential [V]
Ceell Specific heat capacity of the cell core [J/kg °C] v Volume of the element [m?]
F Faraday’s constant [c«“m‘ol] (| Veen Volume of the cell core [m*]
h Heat convection coefficient [W/m? °C] v Volume of each cell core element [m’*]

heore  Height of cell core [mm]

huab Height of tab [mm]

Battery operating current [A]

Thermal conductivity coefficient [W/m °C]
Average thermal conductivity coefficient in
parallel [W/m °C)

Average thermal conductivity coefficient in
series [W/m °C]

Thickness of cell core [mm]

Thickness of tab [mm]

Weight [kg]

Shape function

Charge number of electrons

Heat generation [W/m®]

Residual function

Internal resistance [Q2]

Temperature [°C]

Average temperature [°C]

Initial temperature [°C]

Ambient temperature [°C]

Time [s]
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Weare  Width of cell core [mm]
Wgap Distance between the edge of tab and cell core

[mm]
Wiab Width of tab [mm]
Guab Electrical conductivity [S/m]
p Mass density [kg/m?]

Peeil Mass density of the cell core [kg/m?]

| 4 Introduction

Generally, the advantage of Li-ion batteries is that this
type of battery can supply and store more energy than the
others (e.g., lead-acid, Ni-Cd, and Ni-MH Battery) both
volumetric and mass [1]. Nevertheless, most of the
problems are that the battery life and performance tend to
deteriorate since the heat generation and temperature of
battery are too high or too low. For instance, there are
risks of occurring thermal runaway when the temperature
is above 55 °C and the loss of energy may be happened
when the temperature is 0 °C or lower [2]-[5]. Therefore,

https://doi.org/10.15866/iremos.v14i6.21298
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the management and control systems of temperature in
lithium-based batteries to be in appropriate range are
essential. The thermal management system can be
divided into 2 main types [6], [7] including 1) Cooling
system such as refrigerant and air that can diminish the
battery  temperature, and 2) Internal structure
modification of a lithium-ion battery - that is the change
in sizes or chemical coating of the tabs. Samba et al. [8]
studied about the modification of tab width. The gained
result shows that the weight and temperature of Li-ion
battery is decreased. In addition, tabs also have an
important function of allowing the electrons to flow from
the oxidation half cell (anode) to the reduction half cell
(cathode) when the discharge occurs [9]. Thus, an
amount of heat produced at this region is only caused by
electric current flows through the metallic conductor.
Please note that if the temperature of tabs is too high, this
can cause the battery core to overheat as well. As a
result, to protect and troubleshoot such a problem, the
optimization of tab dimensions is crucial. Consequently,
in this work, the chosen method for enhancing thermal
properties is the adjustment of tab sizes. Later, regarding
the thermal model for lithium-ion batteries, this is
initiated and developed by Bernardi et al. who apply a
general energy balance to the model in which the thermal
model that is established has described the heat
generation mechanism of batteries in term of an
electrochemical reaction [10]. According to previous
literature, Jeon et al. [11] took such an electrochemical
model to analyze the internal temperature of a cylindrical
battery. Besides, Pao-la-or et al. [12] also used a model
enhanced by Bernardi et al. to simulate and compare the
temperature  distribution of pouch and cylindrical
batteries under the same volumes. The benefit of pouch
type is that this kind has a greater the external surface
area exposed to air than cylindrical type. As a result, the
temperature in the case of Li-ion pouch batterics is
lower. Zhang et al. [13] presented an electrochemical
model for pouch batteries to proceed the analysis of the
heat generation rate when the tab positions are altered.
The simulation results show that, although the
maximum temperature on the surface of battery has
slightly risen, but the symmetrical arrangement of tab
also significantly improves the uniformity of temperature
dissipation. Lee et al. [14] studied changing the position
of tabs and cell core aspect ratio for large-format pouch
lithium-ion battery. The obtained results appear that the
proper placement of tabs by optimizing the cell core
aspect ratio and tab attachment positions will diminish
the difference in internal temperature since the internal
resistance of the battery decreases. This also contributes
to extending the lifetime of Li-ion batteries. Mei et al.
[15] designed the di ions of tabs for pouch-type
batteries that involves increasing and decreasing the
height, thickness, and width of the tab. The result of data
analysis indicates that the battery produces a more
uniform temperature distribution. Guo et al. [16] used a
3D electrochemical-thermal model for simulating a
pouch-type battery, which has three cells that are

Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved

connected in series by using the busbars as connectors.

The literature data implies that the region with the
highest average temperature is at the middle cell when a
discharge rate of 5C is conducted. In addition, it also
shows that when all three cells reach the end of
discharge, the core of the battery is the hottest place,
followed by the positive tab and finally the negative tab.
From the articles, these studies have demonstrated the
application of thermal models of Bernardi as well as the
influence of the tabs that affects the battery. As
mentioned above, most articles focus on changing the
position [13], [14] as well as increasing or decreasing the
sizes of tabs [15] (i.e., height, thickness, and width),
which impacts on the heat generation in lithium-ion
batteries. However, engineering research does not pay
much attention to the volumetric analysis of battery core.
In fact, regarding the pouch battery, the volume of tabs
can be changed by resizing the tab height and width. For
the thickness, whether the alteration is an increase or
decrease, in addition to causing the tabs change in the
volume, this also changes the volume of battery core.

In this article, a 3.65V/20AH lithium nickel
manganese cobalt oxide (NMC)graphite pouch battery
will be simulated and then validates the temperature
distribution by MATLAB (ML) and SOLIDWORKS
(SW) program. However, to run ML software for
analyzing the temperature influence and thermal impact
in Li-ion batteries at different C-rates, the most
commonly used model of temperature dissipation that is
derived from Bernardi et al., the developed 3D finite
element equations, and finite element heat transfer code
will be applied in this work. After that, the determination
and study of tab dimensions including the height and
width at a discharge rate of 5C will be conducted. Please
note that the tab thickness is defined as a constant and the
size of designated tabs must be the same volume as the
original case. Finally, the sizes of tab designed for cach
case are compared to find the proper tab dimension of
lithium-ion battery. However, the method shown is an
alternative way to reduce the heat of battery. This is
because there are other approaches such as changing the
types of active materials coating on the electric current
collector that manufacturers must consider for
maximizing the lifespan and performance of batteries.

II. Thermal Model

Based on assumptions, the energy conservation
equation is shown as 3D mathematical model of the
temperature distribution under the Cartesian coordinate
as follows:

o -2 2
pel ok Tl Tl iy
ot i ay [i-4

Due to the pouch Li-ion battery that consists of the
battery core, the positive and negative tab. Regarding the
cell core of battery, this is made up of several thin layers
using a different material [16]. However, it takes a long

deiling and Si i Vol 14, N. 6
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time to calculate and build such multiple layer model.

Thus, in order to simplify the calculation for
simulating, the average density and the average specific
heat capacity of pouch Li-Ion battery must be calculated
as seen in the following equations [17]:

>m >p

1 r]'
Pt = Z and ¢y = 2
Vs Z m;
TAU i

i

Another important parameter is the thermal
conductivity coefficient of battery which can be divided
into two calculation methods including series and parallel
that is calculates from equivalent thermal conductivity.
Such methods are represented as the equation below
[17]:

’ kv,
k,=—=l and k, =—I‘j — )
cell

During charge or discharge cycle, the heat is
generated by the current / flowing through cell as well as
the entropy change of the electrode active material that is
caused by the electrochemical reaction, which is
expressed in Eq. (4) [10], [18]:

qg=q;+q,+tq,=

a° e 4)
[()f]L[;] ‘
: ol O Am\b

The first term is the heat generated from joule heating
which can be described as the equation below:

I
Veeir

IR,
q}.:L U - = Lt (5)

Vet Veetr

The internal resistance (Ruw) during charge or
discharge can be determined by Eq. (6) [19], [20]:

Ry =i——t (6)

For gs the generation of this parameter which is
occurred by the entropy change can be provided in Eq.
(7)[21]):

[ ar nFV,,

Ay

g =L{—T°'E’ ]=—m‘ ! 0
cell

Typically, the materials for making the cathode and
anode used in Li-ion battery are respectively lithium
metal oxide and graphite. Regarding the chemical
reaction showing the ion exchange between lithium and
electron, these are represented in the following reactions.

Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved

At positive electrode:

o+ - discharge . . .
MO, (s)+Li" (ag)+e e LiMO, (s)

At negative electrode:

LiCy (5) = 6C(s) + Li* (aq) +

charge

Total reaction:

MO, (5) + LiCq ()= LIMO, (5) + 6C(s)

From Eq. (7)., n is the charge number of clectrons
participating in the reaction above and is equal to 1. The
entropy changes are taken place by redox reaction, which
is the charge/discharge reaction for electrodes in full cell.

Therefore, the total change of entropy for cells during
charge/discharge can be calculated as follows [22]:

AS=AS, +AS, (8)

In the tab domains, the heat is solely produced by
ohmic heating and was calculated in Eq. (9):

2
1 !
g - ©)
! Srab [ Arab ]

The mathematical model received from this section
will be used in the next section.

I1I. 3D-Finite Element Method

Finite element method is the most efficient numerical
technique for solving the partial differential equations
(PDE) such as the heat transfer problem, electromagnetic
problem and so on. As mentioned above in Section II, to
calculate the temperature by the finite element method, a
mathematical model as seen in Eg. (1) must be used,
which composes of the following these steps. First, this
study uses 3.65V/20Ah LiNiMnCoO: (NMC)/Graphite
ePLB C020 pouch battery that is provided by EiG
Corporation (South Korea) [18]. In battery core, there are
18 and 19 layers of positive and negative electrode plate,
respectively. Moreover, each layer consists of sub-layers
as shown in Fig. 1. Then, the free tetrahedral method will
be adapted to mesh. The obtained grid after meshing is
shown in Fig. 2. After that, the creating of finite element
method equation has applied the method of weighted
residual by using Galerkin approach and the weighting
tunction is defined like the shape functions. According to
this method, the temperature result can be displayed as
follows [23]:

T(x.y.20)=TN,+T,N,+T,N, +T;N,  (10)
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positive tab (Al)

the cell core

negative tab (Cu)

negative current collector (Cu)
negative electrode (graphite)
Scparator (PP)

positive electrode (NMC)

LT

positive current collector (Al)

Fig. 1. The model of pouch cell and the sub-layers inside the battery

Fig. 2. The grid of battery

In (10), T}, 7}, Tk and 7} are the temperature and Ny, N},
Ni and N; are the shape function of node i, j, k. and /,
respectively. To find shape function, Eq. (11) is therefore
given as follows:

1
Ny =o(ap tbyxvepy+dy2) (1)

where f is node i, j, k, and /, respectively and J is the

volume of tetrahedron element, which can be received
from the determinants of the coefficient in accordance

with Eq. (12):

I &7 00 =

| Yi Z;
p=ll %77 12)

6L x, » z

I“x, » z

From Eq. (10), the position coefficient can be obtained
from the equations below:

a; :X/()’j.‘:k =YiZ; )+Xk (y,:l _yj:l)'*‘x} ()"k:l _y,:k)
a;=x (J’k:, = ViZk ) +X; (y,:l _)’I:[)'*-\‘, (y 2 _«“'k:l)
:’) ¥y vz =yiz)+x (J‘j-'-/ 'YI:J)

a :xl(yi:j =¥i%i )+
a =X (J'ﬁ, =YiZ; +xj(y|:k =Yz )+, (,Vkl', ‘}’,:A»)
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b,.:y,(:k—:j +yk(:j_:l)+y;(:l_:k)
b=y (zi-= +yi(z=2)+y(z-2)
b=y (z;=z)+y;(z-2) +5:(z-2;)
b,—y,‘(:,-—:j +y,(:j—: )+yj(:,—:,)

D+xe(z-2)+x(5-2)
+x,-(:j —:,)+X,(:/ -%)

+x;(z —:,()+x,(:,., —:I)

)
)
)
)
¢ =x,(:l —:,‘)+x1 (2 —:,)+x‘(:, —:j)
)
)
)

d; =, (yi =y, )+ 3 (v =) +x; (v =)
dp=x (V= yi )+ % (e =31)*+ xe (0 = 1)
dk =X (,", =V )+X/ («"1 = )+xl (yl _y/)
= (53,5 (3,3, 0030
Later, each element of the equation will be replaced

by the approximate results in Eq. (1) which is equal to
the residual function in Eq. (13):

ar( ?r 8T , &T

R=pc—- /\',—,+k‘-—;+k:—; = 13
P a2 o a:) g (13)

For the 2™ partial differential equation, integration by
parts is therefore made by using the Gauss’s theorem.
When such theorem is completed, the equation will be
rearranged and performed under the domain V' as
follows:

OF o
L’ N,»prgt—dl +

N, g oN, oN
+J' k, 19_7;4_/“._15‘_7'*‘ ._/6_T dv
o ava Py oyt ez (14)

+J’r N, hTdr + L Nyq,TdV =

= [ NI AT+[ N g,V +[ N q.av

When the factorial formula as seen in Eq. (14) is used
[24], each element of the equation will be written in 4x4
matrix form which can be divided into four parts in
accordance with Eq. (15)-(18):

2¢4  Tvk
' 1 U T |
[C]4x4=p0% il I s (15)
) G I R
[KrLLN .
1 (16)

T3er (kx [b/bk ] +k, [CIC‘ ] s [dld“ ])
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[Ky+K ], =
2111
12011 17
A pens_ 1t 14 (17)
nFV_, J20[1 1 2 1
1112
(@l ={ai+a, 40, =
1
2 2 (18)
: 1
- ;,rm),”m;[L] 4
Ve Guap \ Aap ) |41

1

where [(] is the heat capacity matrix, [K.], [Ki] and [K]
are the thermal conductivity, heat convection and entropy
change matrix, respectively. For the last matrix, {g} is
the load vector for heat generation. Then, the first term of

Eq. (14) Z—T or {T} represents the temperature
t

distribution depending on time. Thus, the backward
difference method will be applied as shown in Eq. (19)
[25]:

{T}H{.\t _{T}r

-

(19)

Next, the heat convection boundary conditions will be
brought to take into account. According to the Newton's
law of cooling, the heat convection coefficient (h) and
initial temperature (7o) are set as 7.17 Wi/m® °C and
25 °C, respectively [26]. Please note that Tp is
determined to be equal to ambient temperature
(Tams=25 °C) in this work. Lastly, Eq. (14)-(19), the
geometrical (Fig. 3) and parameter in Table I will be
used for simulating in order to find the temperature

results [18], [27].
T e
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=

" = F Wi
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Fig. 3. Details of geometrical parameters of battery
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TABLEI
MATERIAL AND GEOMETRIC PROPERTIES OF THE LI-10N BATTERY
Parameters Symbaols Materials Values
Aluminum 2,702
. NMC 2,895
SHEED ¥ p Copper 8933
(kg/m) Graphite 1555
PP 1017
Aluminum 238
Thermal NMC 1.58
Conductivity k Copper 398
(Wim=C) Graphite 1.04
rp 0.34
Aluminum 903
5 NMC 1,270
Spef:t.ﬁc e C Copper 3835
Capaciy/(MEg2d) Graphite 1,437
PP 1978
Electrical Aluminum 378
Conductivity o
(MS/m) Copper 9.6
Aluminum 21
Internal Thickness of NME (L
Cell Core (um) 4 e o
1 Graphite e
PP 25
Wiabs 30
Leas 0.35
Details of Battery :M_ ) ]3;';
() Leawe 7.078
freare 195
s 12.5

In addition, the entropy changes of LiNiMnCoO:
(NMC) and LiCs (graphite) as illustrated in Fig. 4 are
utilized in this study as well [11], [22].

IV. Temperature Distribution

As mentioned previously, the finite element method
will be used to write the code with MATLAB program in
order to compute and analyze the temperature
distribution and thermal influence inside the pouch Li-
ion battery from beginning toward the end of discharge.
Besides, to verify the validity of the self-developed
program (ML), a packaged or ready-made program (SW)

is also used to authenti the sir 1 results.
20 T
10
| --
A 2

-1 2 -
[s]
E' 20 i _LlNM'leill
3 y ~ =~ - graphite
@,
g '

40

|

5ol

60

-T0

o 02 04 06 0.8 1

state of charge (SOC)

Fig. 4. The entropy change (J/mol °C) of the cathode
and anode material under the State of Charge (SOC)
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Regarding the C-rates, three distinct discharge rates
including 1C, 3C, and 5C will be employed for this task.
Nevertheless, since these three C-rates are dissimilar, the
discharge durations are not the same. Thus, these three
periods have been redefined in terms of Depth pf
Discharge (DOD), where DOD is the ratio of the used
capacity to the total amount of storage in Li-ion battery.

The simulation results of each rate will display the
distribution of temperature on the surface of battery
under the ambient temperature as illustrated in Figs. 5, 6
and 7. Then, examples of comparison results between
ML and SW software at the end of discharge (100%
DOD), and a comparison of simulation results of all three
discharge rates will be explained and displayed in this
work.

] [T 01 0

(a) At 1C-rate
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Figs. 5. The temperature distribution (°C) of battery
under different discharge rate at 1% DOD
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Figs. 6. The temperature distribution (°C) of battery
under different discharge rate at 25% DOD

In accordance with Figures 5, upon starting to
discharge with all discharge rate, the results show that
the positive tab will be the first point having the highest
temperature. The effect of heat generation at this spot
causes the movement of heat according to Fourier's first
law of heat conduction - that is from a region of high
temperature (oxidizing electrode) to a region of low
temperature (cell core). The secondary hotspot is the
negative tab, which has the reason for the heat transfer as
same as the positive electrode. Thus, from all of the
above, the spot with the least amount of heat, like the
battery core, has the maximum temperature near the
positive tab as compared to the other regions. However,
when the discharge reaches 1/4 of total battery capacity
with a C-rate of 1C, the temperature of cell core will
begin to be greater than that of negative tab.
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Figs. 7. Compasison of temg fistribution (°C) b ML and
SW software under different discharge rate at 100% DOD

This is because the amount of heat produced from the
battery core is larger than from the negative electrode.
Even so, the difference in temperature is still very small
as exhibited in Fig. 6(a). Regarding the battery in
discharge mode, the temperature is directly proportional
to the discharge rate. In this study, according to
simulation results at a discharge rate of 5C, the
temperature at the positive tab increases the most rapidly
and also has the highest value as compared to other rates.

The reason is that the thermal quantities generated
from the tab (2.40 MW/m’) is caused by the squared
amount of electric current flowing through the tabs (Eq.
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(9)). Next, the area with the second highest temperature
is at the negative tab (1.52 MW/m’) since the heat
generation (or ohmic heating) of this tab (Cu) has a
higher electrical conductivity than the positive tab (Al).
Lastly, the cell core of battery is area that has the least
amount of heat produced (0.17 MW/m?). Figs. 6 are the
simulation results, which shows the temperature
distribution for each with a DOD of 25% in Li-ion pouch
battery. After that, at the discharge rate of 1C with a
100% DOD, the maximum heat generation occurred at
the cell core of battery implied that the hotspot located at
the positive electrode when the percentage of DOD is
originally 25% is moved to the battery core as seen in
Fig. 7(a). This is because the heat accumulation area and
heat capacity properties of both tabs are less than that of
the core of battery (cen=1.225.36 J/kg °C). Please note
that the values of heat capacities for reducing and
oxidizing electrode can be seen in Table I and the
approximate value of the battery core is computed from
Eq. (2). However, for 3C and 5C discharge rate, the
hotspot of cell core will be placed at the upper center and
will cause the battery core to be more temperature than
the negative tab. In addition to the reasons as in the case
of 1C, there is also the influence of high current density
near the positive tab and the internal resistance of cell
core that is directly proportional to the temperature [20].

As a result, the battery temperature increases even
further. In addition, the temperature at every point inside
the battery including the cell core, and the positive and
negative tab will increase over time as shown in Figs. 7.

In accordance to Figures 7(a)-7(c), the simulation
results obtained from both software show a slight
difference in the temperature distribution. This is because
the tools for simulation (i.e., ML and SW) may not use
the same methods for generating the finite element
equations. Such approaches may be variational approach,
weight residual, etc. Also, there are the solutions of
transient heat transfer problems such as Galerkin,
forward and backward difference methods and so on
[28], [29]. As exhibited in Figure 8, the average
temperature of the cell core received from the simulation
of ML and SW program will be investigated and then
compared to each other under natural convection that is
described by Newton's law of cooling.
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Fig. 8. The relation between average temperature (°C) and Depth of
Discharge (DOD) of both programs under different discharge rates
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According to data analysis, the average temperature
difference between the ML and SW simulation tools at
discharge rates of 1C, 3C, and 5C is at 0.25 °C, 0.18 °C,
and 0.06 °C, respectively. The values of mean,
maximum, minimum temperatures for each C-rate are
expressed in Table II. From the simulation with SW
program, the operation results reveal the disadvantages
of the ready-made software as follows: 1) Unable to take
the values of electric current into the program when
entering the discharge stage, and 2) The input data such
as heat generation is required to be calculated before
running the program. Therefore, ML program with self-
written code will be used to simulate the temperature
distribution in this work. As mentioned in Section L, it
found that the reduction of battery life and performance
as well as the occurrence of thermal runaway,
contributing to fire and explosion are caused by the high
temperature of Li-ion battery. Consequently, to prevent
the battery temperature from being too high and the
occurrence of thermal behavior, the reduction and
maintenance of battery temperature (especially the
positive tab and cell core) to be consistent is necessary
by varying sizes of tabs at high discharge rate, which
will be described in the next section.

V. Comparison Results of Each Case

Referring to the previous context, owing to the effect
of hotspot on the tab and battery core, the resizing to
solve this issue needs to be conducted. However, the
modification of tab sizes by changing the tab height and
width does not impact on the volume of a battery core,
except for the tab thickness that can change the battery’s
volume. Therefore, the determination of tab size without
changing tab thickness and the analysis of temperature
distribution in lithium-based battery under the same
volume will be processed in this section for performance
improvement of battery. To find the tab dimension that is
optimal for the pouch Li-ion battery, the parameters must
be set as seen in Table III. According to Table III, these
5 cases are simulated in this study. After that, the
selected case from all 4 cases (namely, Case L, 1L, 111, and
1V) will be compared with prototype case for analyzing
the thermal dissipation at 5C discharge rate and finding
the most suitable tab.

TABLE Il

COMPARISON OF TEMPERATURE DISTRIBUTION BETWEEN MATLAR
AND SOLIDWORKS PROGRAM AT THE END OF DISCHARGE

Parameters 1C C SC
Max. temp. (°C) 2797 _ 4253 6249
ML Min. temp. (°C) 2767 4103 5743
Avg. temp. of cell core (*C) 2785 4191 5842
Max. temp. (°C) 2827 42.71 62.26
5W Min. temp. (°C) 2790 41.25 57.36

Avg, temp. of cell core (°C) 2810 42.09 5848

TABLE 111
THE VALUES OF TAB-SIZE FOR SIMULATION

Parameters Original  Casel Casell Caselll Case IV

Height (mm) 36 30 27 24 20
Thickness (mm) 035 0335 035 035 035
Width (mm) 30 16 40 45 54

Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved

The simulated results of cach case are represented in
Figs. 9. Based on the simulations, the cross-section area
of tab is increased because of the raised width. As a
result of this situation, the ohmic heating 1s diminished.
In term of height, although the tab heigh does not affect
this aspect, but it will rise the heat accumulation area of
tab. Also, due to the good thermal conductivity of metal
(namely, Al and Cu), the heat transfer is also enhanced.

Hence, in case the tab height is reduced. This results
in less heat generation on the tab (g/) and less heat
transfer from the tab to cell core of battery. The average
temperature of tab and cell core in lithium-based battery
from original case to Case I'V is also steadily decreased.

In addition to changes in the sizes that impacts on the
temperature, the temperature of standard deviation (TSD)
is also significant that indicates the fields of different
intensity of temperature. If this value approaches zero, a
uniform temperature distribution is occurred. Also, the
hotspot in Li-ion battery must be processed. Eq. (20) is
used for computing this value.

n

7,-T)
rsp=,+"—1 (20)

n

From Table IV, the TSD value of Case I and II is
equal to 0.27 and closest to zero. For Case III and IV,
both cases have a higher value of TSD — that are 0.32 and
0.42, respectively. The parameters that cause this value
to differ are the width and height of the tab. Both
variables will change in the ohmic heating. As a result,
the hotspot of all 4 cases changes accordingly. This can
be seen in Figs. 9, which represent the simulation results
of each case. In accordance with Fig. 9(b), the hotspot of
Case | is located at the positive tab that resembles the
original case. This is because the results of previously
mentioned temperature analysis cause the decrease in
heat generation of tab for Case | and also make the tab
temperature start to be similar to the battery core. This
results in the reduction of TSD value. However, when
the heat generation of tab is reduced by increasing the
width and decreasing the height of tab. In order to words,
Case II is conducted as illustrated in Fig. 9(c). As a result
of such a situation, the hotspot starts to move toward the
cell core of battery. That means the cell core has a higher
heat generation than the tab. In addition, if the thermal
quantity occurred at the tab is further reduced (namely,
Case III and IV), the temperature difference will be
greater at the battery core. This contributes to the motion
of hotspot from higher to a lower position of battery core.
Therefore, this is the reason of raising TSD value in Case
I1I and V. Nevertheless, these 4 cases (i.e., Case I, IL, 111,
and IV) still have a better temperature distribution than
the original case is. From all of the above, increasing the
width and the decreasing height on the tab reduce the
temperature of lithium-ion battery and also cause a
change in the hotspot within the cell core. This can be
observed from the simulation results as well as TSD
value.
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Figs. 9. The temperature distribution (°C) of pouch battery
under the same volume at the end of discharge

TABLEIV
THE AVERAGE TEMPERATURE AND TSD VALUES OF EACH CASE
P: Original  Casel Casell Caselll CaselV

Average temp. of
cell core (°C)
TSD of cellcore  0.44

58.42 5701 56.74 56.60 56.39
0.27 0.27 0.32 042

Nonetheless, the temperature is another important
factor that must be taken into account too. As seen in
Case 1V, although the TSD value for this case is high

Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved

compared to Case I, II, and III, but the hottest point and
average temperature of battery is the lowest. As
mentioned above, to improve the battery life and
performance, Case IV is therefore the suitable tab in this
study. Please note that the temperature difference
between Case IV and original case for the positive tab
and cell core in lithium-based battery is at 6.68 °C and
2.03 °C, respectively.
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Fig. 10. The relation between average temperature (°C) of positive tab
and Depth of Discharge (DOD) at 5C discharge rate

VI. Conclusion

In this work, the 2" PDE of heat transfer problem is
simulated by finite element method to compute the
distribution of temperature in the NMC pouch battery
under different C-rates. The obtained results shows that
the positive tab a place that has a higher temperature than
the others when the discharge rate is higher. This is
because the quantity of heat taken place on the tab (or
ohmic heating) is large, which lead to a difference in
temperature within the battery. According to the thermal
influence of aforementioned tab, the battery tabs are
therefore varied in height and width while the thickness
is fixed at 0.35 mm. This will be split the simulations of
these wvarious sizes into 4 cases. Then, the best
performing case from the 4 cases will be compared with
original case in order to determine the suitability for
extending the performance and cycle life of lithium-ion
battery.

From the simulation results, the comparative analysis
of each case appears that Case IV has a large TSD value
compared to Case I, II, and IIL However, since the
current density and heat accumulation area of the tab is
reduced — that means the average and the maximum
temperature of battery in this case is lower than the other
cases (i.e., Case 1, II, III, and original case).
Consequently, the most appropriate tab in this study is
Case 111, which has a height of 20 mm and a width of 54
mm. In the present study, the author has only studied the
reduction of battery temperature by modifying the tab
sizes at constant discharge rate.

However, in reality, the operation of battery is not just
discharged with steady current. For instance, lithium-ion
battery utilization in electric vehicle — owing to the
acceleration and deceleration behavior of wehicles, the
discharges in different types occur. Consequently, the
author proposes that the temperature distribution of
battery may be further analyzed by the other forms of
discharges, e.g., pulse, exponential, or the introduction of
electric vehicle discharging models. This leads to a
design that makes the battery more efficient.
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