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Abstract
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Further optimization of ti se rMQHIR N pdreswrgdri rag d
efficiency, supporting the growing demands fo

battery |life in electric vehicles.
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Chapter 1

|l ntroducti on

The gl obal transition from conventional i n
electric vehicles (EVs) is being sdaliwteinonnbsy itnh
transportation sector. Governments worl dwi de I

of 2eiesion vehilcenl eGGan(azdEy, )it he tgovaas mimewnde 100 ¢
for nedwtlyi gvhethi cl es by 2035, with interim mil
Feder al initiatives such as purchase incenti\
El ectric Vehiclae dAvaivlieabbieleint yi nSsttarnudme nt al i n

steady IiZnEcr emaasrek eitn share from 3[ 1M% iisn c20mrd ttme

underscores the need to address key technical

and ther mal management, which are critical to

From a consumer standpoint, range anxi et
significant concerns, often | imitefmmgplENCcre® mipe
of | CEVs. Addressing these chdlehenggs eneqgliyr ¢

systemsclhadgifmagttechnol ogi es.

LitRionm€m batteries (LI Bs) have become the d
due to their superior energysdédmasigeyraltesg dn
make LI Bs more reliabl e and eesf,f iscuiecghn itadst $l pesat dé m ¢

which are primarily wuss¢d@]for auxiliary power
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Fasharging systems are designed to minimiz

e time required to recharge batteries. Howe
stability, primarily due f@odtleé¢ elte atocdeme rcat
cessive heat buil dup can | ead to ther mal ru
gradation, while | ow temperatures exacerbat
tput, furtherycamprpenr songpgasade To mitigate
er mal Management Systems (BTMS) are essenti
d ensuring the | ongevity and r e[l3i]abi[ldi]t,y [o05f]
Liquid cooling has emerged as the most <corm
pabilities. However, active ligquid cooling
i tical I ssue, often caused byf lpows. slead k ange
ad to inadequate cooling, increasbatpfienhieesi
Therefore, there is a need for d onafbatdred
stems that can isolate active |l iquid coolin
akage or failure while maimdg afimsthgcloagntgimad :
eration.

Probl em Statement

This thesis focuses on t hieont hbeartnaelr i ma&n a gse

p |

ol

oring t-Rbansel oHeWMt cPoOpe (MCHP) technol og
ing solution for EV battery \palcaktst.erTyhes ysst
uding thermal runaway, degradation due to

onventional cooling strategies such as bo
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b

r

The core objective of this project i's to
attery cooling and benchmark its performance

esearch comprises three primamy a@acoliveg coet

modul e cooled using a bottom cold plate, and
setups ar e tsetsrteesds ucnhdaerrgihnigghpr ot ocol s, incl udi
profile and a 400A opudweal uaher gtimegr marlo fpdref, or
uni formity, and effectiveness under realistic
1. 2ZThesis Outline

The thesis is structured into seven chapt el
di scussi cemdtivnpihc aamcd mpr ehensi ve analysis of t

e

c

he prBolpgMsSs e d

ChapteAnOnetr odumotieosaedfontdhe he research an

n current EV development. An overview of the
uide the reader through the individual topic

Chapter Tmwocomprehensive review of the bac
nderstand the research 1is provi deidon Tloaptitcer )
ystems, their thermal behavior, and tthieng mp ac
ooling methods, including bottom cold plates

Chapter: InTdhirveied u a l cel |l characterizati on, €
esi stance at di fferent SoC | evel s. These pa
stimation and effective cell bal ancing in bat
¢l s performance S analyzed agai nst manuf ac
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capacity, ther mal bsethaabviiloiutry, and degradati on
ChapterPrFoovuarddet ai |l ed expl anat i onms eodf itnh et hci
pr ojTehcetnheex per i ment al design and methodol ogy u

performance under three distinct BTMS configu
and M hcarnon e | Heat Pipe (MCHP) Cooling.
ChaptebDettraivlies the equi pment, methodol ogi es,
fachargx megr i ment al test snodrclotmHa gdiir faft @ roenrst. dat t
consistent and comparable results across the
evaluation and validation of the different co

ChaptebPr eSiemts the results of the experi me

setups. Key findings include temperature dist
t he cooling perfor mance o f each met hod unde
ef fectiveness comparison of the cooling strate
are discussed in detail

Chapt emrCosnecvleudes with a summary of the rese
The advantages and l i mitations of MCHP cool i

actionable recommendations for future wor k.

The MCOHP'a pr omi si ngaptreoh rdeel ocgoyn stitsadtent , di
througfthphgee mechani s ms, enhancing heat tran
i nput . This makes it a viable solution for in

charging.
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Chapter

L i

2

t er Retvu reew

2. 1Batteries operation

A

ener

(negati ve

battery <cell

gy

t hrough el

i's amoemergygy shemagal demnkc:

ectrochemical reactions. Cell

el ectrode) d eCattrdooktigep a(rpactsoirt.i ve el ect

During discharge, the anode undergoes o0oXi
circuit. These electrons flow through the | oac
t he el eclthricsnsel ectron fl ow powers the | oad,
electrolyte facilitates ion movement within t

from

t

el ectr

el ectr

D

cirec

anod

dur i

ur

e

ng

he anode to

the cathode,alwhddret & cte bsetpva

odes, encsmu.ri mgi ssafen omevament mai nt ai n
ochemical reactions proceed.

ing charging, an external el ectrical cu
t and ions through the electrolyte. The

and cat hode

determinesvemenbhabnferyestvao

both discharge and c[h7alrge processes, a
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Positive Negative
electrade electrode
(Anode) (Cathode)
I
I
1
I
Flow of :Anions
<—
I
I
|
I
Flow of E Cations
—>
Electrolyte :
I
Seperator

Fi glEleectrocsdtounp at ewlyidlicehlalr.gi n g

2. 1Battery Types

Thmaitrwo types aofer ibmartyerwieiscthar gealbhe and
which is rechargeabl e.

I n primary batteries, t he chemical reacti o

These batteries are designed for single use a

remote controls, flashlights, and toys.

Il n secondary batteries, the chemical reac
rechargseddandpeatedly wuntil they cannot hol d
devices such ass welBdseassanlddapnopsl| aage i ndustri e

and storage, [Bédavy machinery
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Pri nmhaartyt er i es usual |l y hasveec chibdgdhrieleh & a@ier aggbyi Idie!
of recharge prevents uwpsad¥isMo vb amatgt eomni ewsh efnr coma t

menti oinsedassitmed that it liabal esdcasdarpr ibmater

2. 1ERectrical Energy Storage Devices
Theremaayeoptions for energy storageuserd no
casanal fyaeda bal ance bet ®p e odnpeoregeyre rasn dt oe ntehreg y

densityloaf htohme noueclh ener gye t her bhdnd itsg dye.t ee Imi ne &

l ong a ba.tStpercy fc¢an powrr proevfeer a8 thath ew gmiceh | c
wei gihtts determines how quickly the cell energ
Il n EVs, bal ancing energy and power is crit

of the battery patcekc hnWhd dlel yw apoawart oars EVMnand
achieving a reasonable driving range would re

Fi g2slreotwe tommon energy storage devices anc
enerpghesopti mum battéebhecéebb wibghithienihtese ze
and weight of the batteffi paekcwhile maintain

Lit Rliounm B g tLtl@Br)o eis dpeo wgeoro dand e neahgiyg hc ylcibfded i t i
This makesirbhblh¥ applLiecaadt iAcnsd cel |l s omogthe ot
I nt ernal ICPBvehhu stliessn diue (US tSRekiWhaihdwe el pti voel y
power anao pdgmdrHoyw esvieircf,yectl leeiirs much 3lI0®@WEOr cwicl le s¢
[ 1.0]

Supercaphaveohi gher energy densi thyettthearn froer

EV applications. rd@3anmngeemspe¢eoi fliOc kp\pveeri fainad ene
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densasftee om 1 t o 1IPheWwhhlmlgiehe 5@0ec0060. However
comeavatry higd l@oPekreNhfhaki ng t hem not suitable
[ 93 uper capa<cedifosrcsh sheagvees and hi gH.2flabrication ¢

Fue @dlilasizel ectrochemorwaéretmeaal i emetrgy to
energy TOheycthlagwgke specific eserggblmakfrag i ¢ b e
app!l i cHa weovnesr., their makessptehhemi tepowerfrfecti v

appli ¢a8bhbens cost to FUS $233p@bbWwWh US $180

Decreasing storage weight
Comparison of specific power and specific energy
10,000 T I e s e e e T —T—r—r—r }
: fowenmes] A
W7AT | 1 1T T 1111 ’ [T T I™MT]
{ 1 1111l Li-ion
Flywheel
1,000 || |
- |Fuelcell |

Specific power (W/kg)

100 L

'TLN:IE‘NGS. -

10 1 Il | O D A 2 1) |

1 10 . — 100 1‘.000
Specific energy (Wh/kg)
Increasing storage weight

Fi gBRewer and Energy comparison|[fl®&] common

2.1TBe folLmati-uomh cell s: Cylindrical, prismat:i
Lithioumémmcecoemensdi ffereas Ffokmowsctors

Cylindrittocho@el | Fharmodthecoommerchat bguced b
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As shdé&wmgiihre

together

1992

and

wi t h

anode, cat hode, and
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thel@88mm0i meainamgt ear[ dadfld 65

separator ar e

t hreal Ir od ¢ ®ldie @ nraafeiatt Mmweintlhyi n t he ¢

their

met al ng, whi c h plrhoev i ndaensu f naecct huarniincga |t escuhpnpoo
cells reached a point of maturity where
cells. Thenyodaawckc ddedauecdpoaver bhanhkrliatpe opst ri c
Ci galsTetetye eam etsaratlleyd up in size(26650igaed

The 21700
di scharging
shape sproowel Depacki ng
pl adaemsnotver
necessitate

necessary

o

ompl existty uaft utr ad

celTlesshiaame 6O GUC @A Tr RS e

t he Tshuer flaocwe naorneian.a l
combining thousands

power and energy

Top cover (+)  Safetyvent
Cathode lead

Gasket

Insulator,

Can(-)
Anode lead

Insulator : |
Cathode
Anode

Fi g8Cyl i ndri cal

dddbBtiygn to

design in EVs.

Ce[ L8] nternal

2heo

in ene5r@y con

c o ntpealrlesd utsoi ntgh et] HleB )6sBabnvee rma tt ehrei acl ysl

harder cool i
voltage and cz:

of them in p

|l evel s for EVs.

struct



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

Pri smattihd aGre T hselseebe c amer omi nent option for

storage systems. Unl i ke cylindricarlolcleldesi gwn
prismatic cells are constructediigdr relehcitsa ndgaud iad
all ows for more efficient space utili fd®i]jon,

|l nside the cell, the electr-bdedmasocefigqlusa@iren
greater electrode surface area, whi[chO ]drmleanc e
prismatic casing is typically hard, offering
such as swelling, a domm®dméeéd wrdcdrhre Wietyh bleinteh ii
cells is their ability to distribute current
inefficiencies caused by curvature in cylind

enhances t hectutviel imattdroinalosf aand supports the

increasingtgnermHpwedems despite achieving a hi

generally have about 20% | ower energy density
their use in applications where space[ D]lnst r a
Additionall vy, their | arger surface area all o

making cooling easier throfugh] wWhsaZImsr adkei dne

may aveyt i ndrical cells for t heir | ower upfrc
prismatic cells can offer competitive or even
as materi al efficiency, manuf @§@B8Uri P@4process

10
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Terminal Plate Cathode Pin

Insulator Cap Plate

Insulator Case

Safety Vent
Gasket Separator
Cathode Lead
Ancde Can
Cathode Anode
Fi gdRrei smatic Cel I[] 2ibft ernal structur

Pouththl a@e L Tlsey are one of thenreewegststad\a

technbbaogiyoredt heir | ightweight desi gk gadbnrde hi g|
these cells are constructed using a spek6]poly
[ 227] I nsi de the pouch, t he anode, cat hode, an
maki ng mor e efficient use of space. Thi s a |
el ectrochemical reactions, enhanceisnt éremanlal s img
cirduwi8thse structure of pouch cells can al so b
composition of each | ayer to optimize perfornm

| iff29] Pouch cells can achieve impr-sesbkfiwg ¢€eher
model s exceedli@] Thxy Whl/ekgal so versatile i n s
includian@nl ianks uillaftuhri sny st ems, broadening their
storagpk3hletdwever, pouch <cells face challenge

management . The flexible packaging can swel |l

11
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compromi sing struectteurrmalp eirpfBo&pgmlaintcveoant | yongool

may be | ess effective due to the | ack of a r
ma n a g ¢ n2eén| t, R88¢archers are working on new ma
robustness and ther mal properties of pouch ce
[ 34]Pouch cells offer a cost advantage due to

ownewsmicpudi ng factors such as demar dye demweirty

t hat of cylindrida&l5]Asdtpei s maltuisea r gelclosit i nue

performance at | ower <cost s, pouch cells are
mobility and renlelvhp,)| e[ @fh]Jer gy storage
Cathode Tab Anode 180

Top Insulator

Cathode

Anode
Al Laminate Film
Fi gbReuch Cel | i hbi®ftnal structure
2. Background on Cell Characterization
Cel | characterization is the process of e
l'inking its chemical properties to measurabl e
current, and temperature respbmsesghinaleserwniaes

12
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key performance metrics such as capacity, i nt
Understanding these properties enables opti mi
addressing challenges r el atTehd st os eeefixfiaiomi neeni cltylh e

met hods and metrics used in cell characteri zaf

2.2Té&r minol ogi es

State of&QBafgef a cell i's defipaedt gs at cel

]

elative to its maximum capaayp aighk & fytt biesf oanre iin
di schlatr gean be cal Bquuat@&dn as shown i n

NG & 001 i &)(ﬁ)r‘(‘p(bdﬁm‘)éb) b (2.2)
U0 T P T T
DWW Qa® N wwold 'w

The challenge i nChlmeanger{8gC}) hlei &6 ate bhe in

of battery cells, which prevents direct measu

(7]

i mpl est techniques for estimating SoC is Co

eaving ithei htaegratyed over time to estimate t
prone to errors, as it requires continuous tr

over ti me. Addi tianalclhya,r g & aatnar sc allciliktep g9 aflgfr i |

complicating SoC estimation. A more reliable a
or physical phenomenon that[ 37]fl ects the cell

State o(fSaijad tShoH of a cell qguanti fies its
original condition. At 100% SoH, the cell 0OpE
storage <capacity. However, when SoH -dftcfenes
(EOL) , as the battery may amod Ipoowgeamupgpgelt veade
driving range. Additionall vy, reduced SoH i nci

13
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temperatures and potentially necessitating al
[ 38B.9]

Depth of :DiDmédadsmhgesmuch Amp acoeuAysi semoved
during al da ssdimthigelilny ea s es BwWEGOICA 0% DoD i ndi
a fully chargk@OBabDaRriyndiwhat es & ofDulhlays di sdad hr
i mpact on a battery's cycle 1ife; frequent d «
materi al s, ultimately reldscihmggeheytoeal t hemlb

before experiencisgd®ilgnificant capacity | o

Depth of
Discharge
Battery Total
capacity
V'

Fi g63®CDoD re[ldalt]i on

C-Ratté&Rate defines the rate at which a batt
nomi nal capacity, expressed in units of AC. O
Ah, charging it at 2C means it wiolml OB iaoharadd
hour. Conversely, discharging at O0.5C[wWw®dl d dr

Cycle Cytéee |Iife indicatdesscthhag greumnlyer esf af

sustain before its capacitlyd4d.3]alylcs ebdliodw 806% io

14
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DoD,r a@ e, tempeehemr et ryandf cell sratHeghi DobDea
degradati on, while moderate | evels enhance |
reactions, and | ow tempétatpuda®p hinder i on mo

Open Circui®CMW)CIVi ageéhe el ectrical potent.

deviceds two terminals when disconnected from

out put without current flow. OCV is a key indi
OCV decsr,easefl ecting reduced avail able energy,
OCV determined by it§gdélectrochemical mat eri a

Operating WVpltrageéeng voltage, also called
potential difference between battery terminal
al ways | owercitritaun tt Wweoldmpegre due to the omeead dt

ohmic resistance as cull 4d8ljhte paed saed s otnksrhd yg hb ett h
voltage and OCVEqgaa@BéenaBdund using
W Dow O 27V (2.2
Standard Chargi:nihils Diesemar giongt he standar
currents the manufactur er-r ataesuuwmdnldis@tgatsduaarl d vy
charging starts with a acnopmpdranvolctuagent i mintt, |
constant vot hceuge,enal Itowitmp &t andaa dl dwstchaegho

constant curr ermtoiluoivie rl vroeladcdhpg en gl iamiste t

|l nt er nal :MReefseirsst athocet he opposition to currert
energy | osses in the form oBathtarnry diumt eagnalham
be divided into two main components: ohmic r
resi stance i s primarily determined by the p |

15
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connections, while polarization resistance ar
during <chargdq 5.8Mhde ndies mhadr greesi stance is infl.
temperSoatCuaeead battery age.

Loweunning temper asiulr ehicgoheedi sciedns e ,dutehi s i

tobhe reduced i onic conducti vi ti yono fmaotkehsduil dtlyencgt ri

i mpeding ion movement and sl owi ng elAetc thriogchheermi
temper, atilbbreeski neti c energy increases, facilite
el ect[r5d0d eldo[weelv]e r , hi gher temperatures can al s

accelerated agi ng[ 500] ,ba[gHZxEfeyws otmpe nteexm@ser at ur
of internal rdaisetda bhae t fead4P Ols4l % i) - marodbdd, tetdedr | e s
at-Cllop8.3]

SoC af statmst er nal ofr-ietsi s¢ e@lhlee reefstiesn aintter eas

hi g9%@®d oser t ol dAW0@E amner at o € %ga@(sSes]hawWni D]d %

SoC, Ftiotnhicuoomcentration in the electrolyte pea
ri se is ptitehaircikleynidruge afo t he SEI | ayer on the
resistance, and side reactions from overcharggi
[ 5.6 ]JAddi tionally, polarization resieshamceement
[ 5.0]

At 0% SoC, when fully dischargeld,t fiiontmer na
depletion in the electrolytg>sbl]loiwmiStoiCndg uirnthermrc
pol arization and ohmic resistance as dIlbelct,r ol

[ 5.2]

16



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

Temperature [°F)
4 [ é 105 125

——LiFePO4 1602 SOH 100%

'
>
b
=

~===LIFaPO4 60AN SOM 100%

ssss LiIFePOS 60Ah SOH 100%

€00 without cover
LiFePO4 8Ah  SOH 100%
w—LiPO 14 SOH 100%
\J
500 44 ——Lifon 228 SOH 100%
\
\
' Lead Acd 150Ah SOH 100%
\
\\ - = «LeadAnd 4Ah SOM 70%
400

Internal Resstance [mL2)

200

100

0___‘ --...-‘.2-’_:.‘.'-1.‘_-'-“1‘-.-A—-- o LR T R T I T AN T XTI XoTT=x
80 26 20 <15 -0 5 0 5 10 5 » % ®» » 4 s 0w %
Temperature [°C)

Figadlrret ernal resisthemeat ir d edsetledongpetr e dudrre s1 C

| 0 83]
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2.5¢

]

E 3k

@

[ 5]

=

ge)

w

®w 1.5

QO

o
1 I I L I £
0 0.2 0.4 0.6 0.8 1

SOC
Fi g8axampl el oonf GellLli I nt er nfaB5]Resi st ance

Constant Current/ Constant Voltage (CCCV) prototbe CCCV charging protocol is a
conservative method for charging a cell to its maximum capakstyllustrated inFigure9, the
charging profilebegins with a constant current (CC) phase, typically at a moderate current level.
Once the cell reaches a predefined cutoff voltage, the protocol transitions to the constant voltage
(CV) phase, where the voltage remains steady as the current gradusdlseec Charging

continues until the current drops to a specified cutoff value, indicating that the maximum

capacity has been reacH&g].

18
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CC Mode E CV Mode

i sessssssssssssssasPlipsscsssccssssscscsnsnnas

Battery Current

4

Battery Voltage

Charging current (A)
or Charging voltage (V)
Equivalent load resistance ( Q)

Time

Figalreustration of the CC8Y]charging pr

2.20Ren Circu@QVt\osltt age (

The OCVusedt obs$ ai-80 & heu roOCe/, as memrtdrolnel i
eference soutbe DEBYr daouandi acsr.dddEreisSodi rect re
all ows SoC estimation whead tdre OGVtI e g.s uIse men
However, OCV can varcyeawi hb ,besno etikasttusr earaendper
di f fepemabndgti ons to cread@ cwmpexheanwsae vien ¢ Ca
val ueg]

There are two pri mary nBeoC ordesl aftoiro nnsehaispu:r itnh
pul se test and the | ow current charge/dischar

charged or discharged in 10% Sp€rjodbé&menng,

19
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vol tasgehThi gme sswar ement of the true OCV at th
current test , cell s are erhaatregse,d toyrpi ciad d tya rbgeel
mi ni mi zes the voltage drop from internal resi
measurement to closel[y6lalp,prfo&kd]mate the true Vv

The 806 curves often differ between chargi
pol arization effects, with charge OCV generall
data from both procesAsgssHhioglnft estphiec atlrluye asvteartai gc
closely represents an aver dge]otfh otuhgeh cthhaer gien ca
pul se test yields more accurate OCV measur emel

and strict environment[aB4]Jcontrol for opti mal

42 T T

o : i
=3 : : : ‘
- ; ; ; Discharge
o ' ' '
= 34 HF---- Locene- focenn- deceann Chafge -
A A
B s s B SO
PP I T TR TN S SN fR TR M
0 01 02 03 04 05 06 07 08 09 1

SOC
FiglbRel ati onship between OCV and Svood tidaugrei ng

| oawur rent [ @BV t est
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2.2SB8Batic Capacity test

The static capacity test assesses a cell 6¢
against the manufacturer s dahbh®tsahteeet g fori)lHes @l tste
rel ative to iTthse sthedsgtt dmliectbtepdcumger constant,
this test evalwuates cell capacity across diff
operating voltages.

Theonstant current (CC) discharge test is t
fully charged using a constant current/ const e
fixed current -afmft ivolrteagd.i nigh eetdso itcraihaompresrc ¢f aAthg e
or mil thioampern(enAh), provides a di r[e6cht] ,i n[dei6c]at i

Factors such as temperatur e, di scharge r at
Hi gher temperatures can increase ionic conduc
rates may reduce effective catpiaccictoyh 4d®ureaitho &i]r
Standardi zed conditions are essenti &li gfudre con
shows a static capacity test on Samsung 50E

capacity can be aneschded catarlgeweamdC hi gher t emp

21
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Static Capacity Test: Voltage Vs Capacity

4.2+
Test Condition
==a C/5at0*
C/5 at 10°
== Cf5 at 20
==e C/5:8L30°
-= Cf5at40°
— 1Cat0°
1Cat 10°
—— 1Cat 20°
— 1Cat 30°
1C at 40°

4.0t

3.81

3.6

Voltage (V)
w
>

W
N

3.0r

2.8t

261

0 1 2 3 a 5
Capacity (Ah)
FigbNeltage vs. Capacity curves for Samsung
conducted at varying temperatures, and d

2. 2Hybrid Pulse Power Characterization (HPPC)

According to the UBS8tt PepafemehlMaontiraiEn eV eghyi
Hybrid Pul se Power )Chataassesereiszatsi an ceHPPG dy
across iltsnustiedig aayet est pr of idhea mgay & Jpoudlthsl eabi. s ¢ |
I nitiall y,hneini mempwdlsteaglée schargecpowedi afcthanr ga
antdhe maxi mpwmicshehbtpwge asdecohapd®se. These meas
determine key performance metri cs[,6./KiuglhReas Pe
il lustrates a standard HPPC test sequence 1in
hour , then fully <chargefil| seasihapet edd f at a 0 ot

i ncr ementhso,urwirtehs taaidrh sbceht aw egeer/ls sssthuaer rgoee
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Di fferent HPPC profiles are wused based on
adjustments #Hmtreesettl apngreir Bd s rrgedSWyWerr appl i-cati on
current HPPC profile assesses cell perf or manc
setting dichah&regeesantdo the maxi mum | i mits re
manufacturer to evalwuate the batteryods capaci
demands.

The HPPC data includes voltage response cu
resi stance based on capacity removed across
resi stance degradation in |ifeaaneet modedsdfoev
syst ems [ &.T¢hley soihsmi ¢ resi stance can be esti mat
voltage drop at the startThofoltalre zaits omarmrges i &I
estimated by meas utrhrnogutgheeudyv clilcthag @ e¢ B hgee har g
Equival ent CECMEgIi ta MMadnddednedt itchadt coeelplt'essént sal
performamnoed ecs ri cal circuifThedd hparesmetteornrs aa
through voltage dr d32) ocrad \can @dafdiotatsir (g gnueatt hi codns
genetic al gorithms-pr doanr t \EI€iMbsa r-dhrydgetirom E CiMisg hree q
additional data and testing, they -bydecaEICWM e
showrwipgaBe fers a balanced approach, optimizi

efficiency, whpaeamenpmbkanigoover
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! |
Discharge :
]
|
]
]
|
]
]
. :
I :
| ]
]
b= |
@
t '
=
o
Time scale is |
approximate |
|
I :
Charge/Regen i :
-6 -4 -2 1] 2 4 6 ] 10 12

Time (hours)

Figb®Be S. D. O.E. Standai®&7HPPC test seq

R, R,

A A

R

—AAMV— —
H —

ocv(? E
(’) qu (‘2 ;

 J

Figl®Becomdeequi val ent circui69battery mod

2. Battery Ther mal Management
There i s a direct relcaepdmnho bSetaunde eens tfeonupnedr at!t
opti mal operati-hgnt empleib@attweaebl 9ACLE o 40AC, a
hi gher woudedlelh'ffsf ecénte nwleddlhec helaé Igielhen acte lolns oi
greater at hi gh ¢ w@mr eémtcrlemasds ,i nt htihse I¢eFdldss o p

Excessi ve dfeftghoetr @1 ecé s ochemi cal reactadas | if
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The extreme-iiometreraper atnurleis triggers exotherm
caused ey rol yt eord eicrotnepronsa.lt olsbleno r & ac it-9 wantsd iam aeb Ise
causing uncontroll able riseéhienchkld]Agett hteut empar
ri ses, the internal pupé¢ 8,3 &frier d sn care deveea beadptlssor:

pack, the risk of ther mal propasgagdiidgné.dbjet we en

Theni formity of cel | temperature also aff
el ectrochemical reactions proceedunitf anmfememn
utili[zAB]iosn di scussed befor e, t headondreéarinmd r

temper[abt7UTRes can be extended to be vwirtchhiam gtehde
or di schar glehdeoinin & i oonfimhteeynsper at ur es accasasesel |l
further uneven voltages across the pack. Rese
should be kept at under 5AC to prevent capaci
[ 7.6 ]

Di fferent Battery Ther mal Management Syste
mai ntain ideal operating tempecreatlubrhees mean ch tceom
approaches can be categorized into Active coo0
active cooling. ®&Amkteenaboktheggyebsoescent o ope
utilizes the natur al heat[ d71]s,.3 h[s7Aa8liean | meac kva h il
BTMS techmaldognhnesmeht as ,ailric qcool odivpgnm acsoeo | i ag d

heat . pi pes

2. 3ALr Cooling

Passive melri €® o0t m ncigohnev etcat ta wor nal li tsos stphaet bandi ng
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aivrol vAmvheu mi numu s u alst mcleed to the heatingndnit t
i mprove the c[o7%Whinlge eld d ii st@ |eatciggd molitietcur rent |l vy
aut omprnt o decatitoemsyapasknothisglo wapplei datri ons whe
heat generaduentiosi ¢éspéotwed.her mal conductivit

Active alnel icolamghoelcedtondiwsiiapgreicchmani c al
compolnieknen arf aat d |l oiwrecul at e t he ai rT hsousrer oBUThMIS n
components have | ow costhavegdemeorndertss mtah art
BTMS wusedStiiuesstEd/vih at reci procatingoalirfmgowniatcoin
and ef ftimamincgcti olmwlt sta ihrhielmowd ayer s on t he he:
[ 80] ,Th[i8&l]can be rmehe dxniaklwwierle &ahe direction
periodically.

Actirveeolaiing i s Imawand agy/sutsgenda niieth itchlragtg U e B 8
power than | aaigrerc &d&lIsi e ciadl bleir mia ttie gdofim yaBiRh e | o
Figuédbdows an exuanpdedld)fS i ghl i ght i nigattihen i md tel
around the batt arf[y8.Bdoaniet ehaynbdr i d el ectri c vehi cl
cooling with fans in their battery packs incl
1.4 kWh bla84fe@ y2Ppatkyota Prius with a Gi.m1 k Wh
version is equipped {BbSh,Eav[e8®]l peri nlg3 .al rk Wh op a
include the 2025 Nissan Leaf with a 40 kWh pa

[87]., [ 88]
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Active Air Cooling of Battery

Hot Air Outlet

A

Figub#Aer Cooled BTMS in a 2004 Second generat

Ni Mh bat[t&3]ly, pa& %]

2.3LRquid Cooling

Liquid cooling is mostly done wunder téhre ac
heatuinmgunken i1insi ¢gemps! wewiad ctydrmak,e t heatiggid
unin. indirect cooling, a medium mechanism i s
circumferenti all mmempseindn neo olainnd ohals better he
extra resistance between the heating unit and
and | ower caealtlghtiemp eHeanviasw esas, e c t rai cdail e | deecvtirciecs |
used. The i1 ssue iwi tthhad ablbgadteri ¢ atleuiods heat r
t her mal pr openrotming Shodrata dd ings it matai @®] acr oss t he

|l ndirect coolinghdiusSerpentsita@didaiddé dgTmsy a
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provides greater soayffiaceér iacela aceolnltsacandvi t her
uni formity @aé&mMHpsve vielme dndoelyes raepdalicigher pumpi ng |
due to the increased 94Jgay dalvod uimet racndlu g emc U
the battergCobdcPk|l dess gar e wiidgell Bé anglseed H ynu nidnad t
l onBGgM®hiwthi |l i zesosl d phageat batpentine path fr
side to the outlet on thecowadlhedown da&l [09.8Bltdebd
Ri vobant he otsheol|l hamidawdebhewden each9€CWwdpdmdadcul e s
channel shape and siome tha&n slyes t @jmt hrirayjgmmebde e maosf ¢ &
chanoeihmprtomMeeati ng and cooling uni f oarmmoirtey bu't
compl ex dasiggm am[@éSHBowniir@lp&Ger penhtaigneed i nl et

and omitcadota nnelpd astyes t eanvhel ) e mp e ruanti froe mi ty and

ef fi cA emiacyr.eon n el thickness db ew0s ueninef Samide nati dH e
di ssipation and mini mal pressurf &®.6drgdups, & orwesd U C i
anovedizagi gerpenti ne 1f3 eovt apnagt utlearrn tpdriao ixiiil mei zcehsa n

cool ant coverage over[ 9t77He col d pl ate's surfac
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Battery module

= Lower cover

Protection cover

Figb¥Hegundai lonig 5 bat9@fFy pack extr

Symetry plane

Inlet Inlet 1 ymetry plane

Outlet

‘ Outlet 2 ‘
)
Heat flux

applied to
(a)  cell surface

-
Inlet 2
Heat flux ‘ ‘ z
applied to

(b) cell surface

Inlet Inlet 1
Outlet 2 & 1k
‘ Inlet 2
oty ¥ s L
applied to X
© oell sinos . (d) cgl surface

Figub®e fferent cold plat é 9%6érpentine ch
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Figlh#Zedhag serl@Eehnancnoeld pl §9&] desi gn

2. 3T®o Phase Cooling

Twephase cooling utilizes wvhewipthhaski cchhamige
conductivity to efficiently -abssebcbeai nffr cmn
good thermal wuniformity within the battery pa
of the pack as theiVariaddeeti n heemepéd dtsurcédr e mi
performance anpgo98wgrBRbdasteBGbobipvbgy al so reduc:c¢
due to the high thermal conductivity, making t
facil i tfatsas culilatrrga n g ,r aefvéesh] Homdyje rethiagdh-pGd e i e d
cooling dmnaEIVIi bRhitamr y packhaDa rrn eafgr iagge magnt ta
demonstrated a 16. 1% increase in battery capa
when comparedoltimmgl! iuquWied darsh [h@0 Fovmaneat al
i mmersion cooling consistently achieved r ema
temperat urdeurdinfgf erCe@ dadilslicrhmhacgesr ast, -phasat pe

Il iquid I mmersion and natur al convective air <c
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t his
wher e

acr os

2. 3Hé@
He

spot

-M.AksAkchMxrMast er -Mkencihvaenrisciatly Engi neering.
performance extended to cell charging at
temperature rise remained around 1AC, wi
s[1O&] cel |

at Pipes
at pipes are passolved & shieg mead tnoa ntargaensepnat r t

to a cool er -sreeagieodn puispiengf ia |vwacuwunmh a w

refri[gleOr2ajntt t he evaporator end, heat from t he

causi

end,

conde
i mpr o
study
perfo
to O.
90A,

conf i

ng t he vvwamrokiiimg .f ITlhied vtagpor i zed fluid then
where it releases the absorbed heat, con
rator via capillary action wi tThhins ac y Icikc
Ss enables continuous heat transfer with
mper at[ulrOe€3rir ¢ dpel axtoin@rensati on si de, depend
ction can be used to maintain the system
or cold plate, can HelOadgp!l i ed, resultin
studyshmhampead U I at mi crochannel heat pi pe
nsat,Fogl@deecntoinosnt r ated a 16% reduction in
vement in temperature uniformnmilOp Anlodg da@irn
evaluating,FagapbPwivtahpoa XTh@%berl |l ing rat
rmance compared to a 60% filling ratio,
18 K/ W at 60W while maintaining a temper
and 1@A) i gebkbal @krformance i mpact due

rming the system's rel if[ab0@®Hietrye fwrdkcer Hweart
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demonstrate a pr omidsuien gt os otl ueiirona fiolri tByT MSo ma

uni formity.

Inclined U-shaped FMHPA

Thermal insulation material

Figb&e shaped Heat Pipé¢ 1lWibfh a side col
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‘h\‘
Individual

Battery Pack
Battery

— ooy " Liquid Stream
= = — =+ Vapor Flow

s Phase Chang

| SRR, - AP - — e ——

Water Out Water In

Figbh®Je shaped Heat pi pelQwsi]t h
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Chapter 3

Cel | Characteri zati on

This section wildl examine t he iimpdoirivtoadnuta I
assessing performance rel atiTvheeALtR 22H N am&Auf ac
chosen by the project, pfaarsttn ecrh afrogri ntgh eciarp ahbiigl hi tc

di menAnmnalnyzi ng t hkee hGAliBduegre!l Vasi ous conditions

insights into its capacitys. tHewamkbhérsstpaijleict y
primary focus islomesapaanty anddinfereat SoC
critical for battery module or pack design, a:t
in SoC estimation and cell bal ancing.
3. 1CALB 3.7V 113Ah cell specifications

The221N113A cells are manufactured by Chin
ranked as the 7th | arglelsG7]EWedatpreirymatuippl ¢ elr
chemistry, comprising Nickel (80 %), Manganese¢
content provides high energy density, while m
and structurall yy.ntTehger iccoymb irreastpiecrt i vfe hi gh enei
content makes NMC 811 cells ideal for EV appl
[ 10Babllpeg esents the key speaisfiovati orsl ofn ¢t he
dataphe®ie product used in t'esaritnyg smapp Ipiuarc han

studs wel ded on t he Fciegl2i0ées t er mi nals as shown
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TabllKey specifications of CALB prismaitd<x] cel |

Manufacturer China Aviation Lithi

Model Number L221N113A

Type Prismatic

Chemistry Lithium Nickel Mangane

Nomi nal Vol ta 3.67 V

Operating Vol 2 .-48. 35V 3 TOO
2 42 3538 03

Nomi @Qapacity 113.5 Ah

I nternal Resi 0.4~Q@.6 m

Recommended ¢ 5%~97%

Charging Temp 20~55AC

Di scharging 1 30~55AC

Di mensi on 220.8N0.2(W) x 33.36N¢0

Wei ght 1800N25¢g

Shel l Mat er i a Al umialulnoy

FigR@aALB L221N113A Cell with M6 stud
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3. 2Zycler [/ The$gpneacli fGhcaamhb eorn s

A controlled testing-peevisbomerigui pmeht zi

accur ate cedsls epsesrmeonrtmanichei s study uses the fol

1-

Arbi280B0: This unit supports six completel

simultaneous taeasesferehceo ¢ntoeffers accur

an@. 05% for high power, with current rise
Features i nclude Potenti ostmdiirct/ GKleVamaostp
connection for main channel s, channel par

multiple current ranges f or e ndhiatnicdendo.fafcemnus

expanepboibhdm®ugahnpp laiga naared sauxi | [ddY] modul es

ESPEC-IB3T3Z Ther maTllh iGh aemmbvei rr:o n mertdairg 20tma sb e r

annterior vol umei Jorfasld 50 pceur. a tfitn.g -{t@e2np etroat u
180AC. |t supports average heati ng and c
respectively, with a temperature fluctuat.i

environment[alllldondi ti ons
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Fi gRESPEC-1BWBBAer mal. chamber

3 AVIComphtO Lulld&wis device manages control a
cycler, and ther mal cthasbieng idewnitecagadati h§ -
measurement channel s, 24 thermocoupl e chan
measurements, along with 8 analog and 16 di
Hz with gecdilidig e
These devices are managed by a centr al PC

which configures the testing procedures and r

3.3Testing Setup (ther mal pl acement, cell hol d

Fiftegpe Tt her mocoupl es awelr @ nienambli levmatis o etk
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in the c¢chamngdtled sotri Atsgh s hiogvian2 etnhr ee t her mocoupl

on the cell"'s si des, where the Mi cro Channel
positioned in thEhmedutl eedmeccguplpdasare positi
of the cell s, and one at the bott om. This ar

cell 6s heathdlimsdreintnkgf woheanidng i 2nproe ¢ ,a nwh ii i oir

that can be used .in cooling system design
- (O H .
o 1= 1= = =) =)
3 1 2 12 11 10
8 4 9 13
5 Front 6| |15 Back 14
Left Right
7 Bottom
FigR#&der mocoupl e placemealt!l oneshengel | |

The cell is secured inside the thermal chamber using a fixture, as shbignne23. The
setupevaluateghe cell's performance without active cooling, relying solely on adiabatic cooling.
Although the chamber includes a small fan positioned in the corner, its effect is considered

negligible.
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Fi gR®e ngelel fi xtur2e33 ntsharemdlheclBam@ber .

3.4Test Procedure

To extract key insights pbouoewldrhe sicredl|l e me bte
The Static Capacity test evaluates the cell 6s
Open Circuit Voltage (OCV) t es®OC nragpmng et haet vdilft
temperatures, provCdesgi masenni ahddanaefont 5o
The Hybrid Pulse Power Characterization (HPPC
which is criticaki 6or aBMSEhemmbdmért | evel. Fi i
charging and 400A pulse fast charging profil e:
underc thrirgghnt charging conditions
3. 40CVTest Procedure

Thehar ge an@CW igsesmamw®g.e0r5&8vei ch equat eswae 6.
done att eampbd reahfC0r/@san L ThA®CVlest procedure for b

as foll ows

1- Soaks5#t®r 4 hour s.
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2- Charge using CCCV mode at a4.03% Y armad eg o
current of 5.6 A.

3 Rest for an hour.

4- Soak at the desired temperature for 4 hou

5- Di scharge at O0.-0b6f CvoBtVagwi bh 2he cut

6- Rest for an hour.

7- Charge at 0. 050fCf raacleb\avge hoft he. 2 ut

8 Rest for an hour.

SPati c TeagptacRrtocedur e

The static capdaraty tHdesdhambdene aemperaturt
415 ACat e was chosen based on the nominal
ommghdm®ile test procedure for battery cell s
1- Soak at 25 for 4 hours.

2- Charge using CCCV mode at a 1 C rate, wi:
current of 5.6 A.

3 Rest for an hour.

4- Soak at the desshoed. temperature for

5 Di scharge at 1lofCf rwdl8&tVavgd hoft h2. cut

6- Rest for an hour.

HBPTest Procedur e

A moead fversion of thexptdndar2d @dRIPiCend cetsh e
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t est

t est

1-

2-

O-

1

1

s. The t ersattse,a raemn d@dmogneeboattdu@le s2 5AC and 45AC.

procedure for battery cells is as foll

The battery is soaked at 25 for 1 hour.

Charge using CCCV mode at a 1 C rate, wi

current of 5.6 A.

Rest for an hour.

The battery is soaked at the desired temp

Di scharge the batothedrsy at 1/ 4C for 100 s
Rest foon@29d0 sec

Charge at 1/o2n0dsC for 100 sec

Rest foon@29d0 sec

Di scharge the batothedrsy at 1/ 2C for 100 s
ORest foon@HO0 sec

iCharge at 1/o0lndsC f or 100 sec

2ZRest foon@HO0 sec

3Di schabbagtet ethye at BmCdsA for 100 sec

4dRest foon@H0 sec

5ECharge at 1bBd€ for 100 sec

6Re st foon@H0O0 sec

/Di scharge the badndcsgy at 1C for 100 sec
8Rest foon@2HO0 sec

9Charge at 1b4d€ for 100 sec

ORe st for 1 hour.

41
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21Di schabagtt ¢ehye at 1C to reach 10% of <capac

rest after each discharge.

22Repeatbh2isftoaapsSOCs-0fr awint h0AQ 0 % +orftfervwdltsa gwi

2.8 V.
3. 4F4st Chlraersgisndgrocedur e
Twb acsharmr omfgi | es ar e uspdr braessgeWisroenmd tates pr ®§ eac
Hyunldanfiaggst charging at 25AC and 2tBiCe sSTehomasred tiw
profiles are used ascaltlbemmamapkrtor maateated
| oaBlesf.or e r i@l amrgtgeasmty, t he cel |,s raerset edd sfcohra ragne
then soakWid hatt h2e5 AQhles e edHargefl i pped so the f
to thefamambBéis ieffecel omi hhwet hbhbeodont het heesdc
the tests twice

The Hyundati 25AG q c harigli Ings tFri aptReddetear t s wi t h
peak current of 303.4 A at 9.2 minutes and st
mi nut es Q@ rphhagse.heAf ter this, the current begi
180 A dwmdiahubes before transitioning into the
arodemd nut es, thel®BUtr riemtwdratplrermsottiong t hat t he
the end of the profile may stem from measurem
l'ive test. However, these discrepancies ar e

significantly.
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HYUNDAI IONIQ FAST CHARGING PROFILE
AT 25C

50

200 400 600 800 1000 1200 1400 16Q0 1800 pO0OO_ 220 0 2800 3000

o
o

-100

-150

CURRENT (A)

-200
-250
-300

-350

TIME (S)

Figdd&ddaarrent (A) profile of the Hyundai

Pulse Fast Charging employs short bursts of high current interspersed with brief
relaxation periods, enabling effective heat dissipation compared to traditional constant current
(CC) charging. The intermittent pulses allow the cell to dissipate heat desnigitervals,
mitigating thermal buildup113]. Additionally, studies indicate that pulsating currents enhance
charge acceptance by optimizing the cell's electrochemical resjiddde
Figure25illustrates the current pulse charging profiles used in this study. The test begins with
400A pulses for 10 seconds, followed byskErond rest periods, sustained for approximately 22
minutes. It then transitions to 340A pulses for around 6 minutesjraaily to 227A pulses,
continuing until the current tapers at the end of the profile. The 400A pulses were selected based
on the cell's datasheet, which specifies this value as the maximum acceptable current for pulse

fast charging109].
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-100
-150
-200

-250

CURRENT (A)

-300

-50 '
-350

-400

-450
TIME (S)

Fi gRB®O0OA pul se charging current pro

3. Res wintds Di s(cQaspsa wint vy , Resistance)
3. 5SSt aCaipaclietsy Resul ts

The static capacity discharge test at 1C w
two key findings: the capacities of the <cell

di scharge. FiAg2 GBditowenr Manl t age drop across the t

distinct differences in performance. At OAC,
whereas at 25AC and 45AC, it took 61.2% minut
that the energy extracted from the cell at 0A¢
45AC, the cell del i vered mhre e@dt@abgy ovepac it t ¢

103.1 Ah, 115. 7 Ahy elhhged v1oll8t.alg €A hc, u rrveessp efcar t he
are almost identical, whereas at OAC, the volt

confirm that cell performance i mproves at higl
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di mi ni shes beyonrdesaulcteg tafi nt lpeoi Sittat iThh B@Qdp a&Cci t Yy
2.

Figademonstrates the temperature rise duri |
average temperature increased by 11AC, while
respectively. At OAC, the cel | dasr etde mpoe r3a3tAuQ ea nr

at 25AC and 45AC. The observed temperature de

|l ower ambi ent temperatures, i kely due t o [
underscores the I mpadts dfhetrenap e rbeethiarva oo n ainhde
colder conditions amplifyingTheatempeerattienr

25AC showed significant noi se due to the wuse
margin o$piereothi & t he average temperature a

aligned with .expected behavior
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0 . . 4.4
14.2
-20
Discharge Current 113.5A
At0°C 14
At 25°C
-40 - .
At45°C 138
= =
= 0]
& -60 136 2
= 5
O >
134
-80
13.2
-100
13
_120 | | | | | | I‘\ 28
0 500 1000 1500 2000 2500 3000 3500 4000
Time [s]
Figh&®e ati c Capacity Voltage, Current dischar
conditions.
Tab2He ghl i ghted results of the Static Capacity
Ambi Bexmper gRemoved CaTest (Bi)me | Max Tempe
Testi (dAOQa{( Ah) l ncrease
At O0AC 103.1 3270.5 105
At 25AC 115.7 3672.6 6. 9
At 45AC 118.1 3748. 6 4.9
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12 Mean Temperatures Rise Over Ambient - Static Capacity Discharge
I I I T I

K
10 - { _

L o ] I

e N Iklll‘
4 ‘ ||i|m\ VLA L e

l'x'“'|\| [ |
i i

Ar |
v it fleoa
S 0 1 ‘\_ ‘.I“.MI“.IIJ‘“IIJ . f
J I i ‘ oo
4 Pul Eh ‘n | |J' |'||,|]|“J"wl\ f iy —
rd f J
/ Ly

mean Temperature [°C]

;‘/‘" r"‘““ |||I \, \ "
I |II “ !

2 ‘_,r". “l II —

At0°C
At25°C
At45°C

2 I I I \ I I I
0 500 1000 1500 2000 2500 3000 3500 4000

Time [s]

FigBhmRe se Over Ambient Average Temperatures of

t heeasurements at 25AC exhibit more noi se ¢

3.50E€VTest Resul ts

The SCVcunrBAF@g2P eexhi bits a clear hysteres
di scharge profil es. This hysteresis arises fr
processes, which are dix.clhissethedmnur OB¥r cunv e

hysteresis effect and aCerewsdd mms 0Eo np.t @t t ¢l woraw eSb
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a steep voltage rise, indicatcorc®rt rsatginord i wia
material 180WCYhan@®% the voltage response i s I
particul ar o eatiitmatlieorf odueS to its reduced sen
SoC v al uselsdhpeet mtese peunggestciedti t hahashengoing el
activity

The meaSC OCWr V@25 A®4UTAF( g2 edemonstrate the
temperature on eqOdd,l itbhd uGCWoValages &te cons
increased internal resistance and reduced ion
processsS. the OCV values are sl i @Bl yr eeflleevcattie
enhanced ion transport and r e(duocweedr pionltaerrinzaalt ir
These temperature effecta dreevemest whreoro urmee d
l'imitations are more-rangrei fainda mti .g hldd we&OOC,V earta
tend to converge, indicating that temperatur e
suggests that-SO€r eshimatebhs O®OC¥ more straigt

|l evel s above 20%
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OCV-SOC Curve at 25°C
4.4 | I ‘
A
42+ -
4+ Z .
= OCV-mean
T OCV-Charge
s OCV-Discharge
38 = .
=
= L -
o 3.6
@]
Ve
34 .
3.2 —
3 =
28 [ | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

SOC [%]

Fi gR®O&LWBoC curves at 25AC. The mean OCV
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OCV-SOC Curves at 0-25-45°C

44 . |
427 f{/c.,.. |
&&‘e“”’ﬁm
| // sﬁ |
38 A OCV at 0°C
A OCV at 25°C
> _— o0V at 457G
U 36 B - i
34 t// |
3.2 |
3F |
28 L 1 | 1 |
0 20 40 60 80 100 120
SOC [%]
Fig2®Mean -®€¥ curves at OAC, 25AC and -
3. 5HBPTest Resul ts
ThePPC test results dchrartalcea eCAlzBatdeolnl opgr avi

component s, including ohmie, daetsotsdlancet empmoalar

Accor di

ng

t oh & hien tdeart maslh efed §iasht alm ckeH zi7 9. %0 TShbi Cs

mostylrkékers t

i mpedance

spectroscopy

o

Figai@eesents

tested

t

t

he

h e

ohmi ¢

(EIS)

at

resi stance,

high

whi ch

freqguenc

HPPC tNewh iiwsgoolntpaag ea brl ees paocnr so

temperatures.
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in S8cHdi.@omnsi sting of alternating discharge a
The voltage response during these pulses demo
pol arization recovery, both of which are infl

The internal resistance values derived in
in the HPPC test, calbyuwla&22edde sucsriinbge  hizn #3pd ctai go
simplified approach hselasl fchBB®ns bleocthuses of ypi c
average 1internal oCr eessitsitnaantcieo nv aal nude tfhoerr m& | ma n
additional pul ses were incorporatedsiotobée¢ehee
state estimati on

AtJCO the internal resaCs tramage si, & algiddghaalsvtn a m
Tab3d eThe total i nterngl nr €5k G8 ® @PoSrea npgeea kasn da tr €3r
el evatedgiant t3hleQ 40 W OC r ange. These high val ue:
resistance, rwathingiga. 98G8M0Q@B®BWWSOC r angien atnide 1.
O%lL 0%CSrange.ic6dWeSGO % ange exhibi2t s aedicédesnc
33gmprimarily due to a pallamiczant eaasrta,e gtelse 43 ©
30% to 50% are compa2at iavreduyn dqgo2r.e7 Ostmabl e, wi't

At2Bt hersi gsi i cant redsicsia@hnheéenot alt er @esi s
from di. ®8MHE0@BWSOC ragge TD&®% 1SGAB,m with ohmic
remai misn gbtetomte e g ah.d5 @mc6l2Zons el vy mat ching datash

The -30C€ spi ke Rersisachi g nh.t 1l %0rLange, dri v

2 ofl. 1g3Mhe 530% SOC range demonstrates 't he
2 as | ow gasn 1t.h2dMO0range.
At J@besblgblight the | owest i nt errnaan.g erse s i ¢
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2 ranged. B@¢iom 9%0e 0 0 U rSa nagned 10.a208%1M % S OC. The
mi-8oCs pi ke i s st iplrlonporuwenstedndt, pkewatk ilneysgga tm t e 50 %
60%oCange, @ri venoohyYy®.Time i30% SOC range <cont
exhibit the | o%estarroeusndqtla.nlcOe, m wi t h

The results demonstrate that higher temper
due to improved ionic conducitmpvriotvyi nagn dc erl e d upceer
However, elevated temperatures accelerate deg
maki @ t2lbe opti mal operating temperatuSs@C T for b
spi ke observed consistently across all temper
l inked to the CAluB tdelrl 6sst uadh eemsi sitnrcyo.r por ati ng

characterization methods are necessary to be

model s .
HPPC Current and Voltage Response Curve
| | |
120 4.4
100 [ Y,I'
4.2
80~
'.Lf___

60 4
< >
£ 40 3.8 %
3 20 3

3.6
0 | | J
-20 3.4
—Current (A)
-40 —Voltage (V) 3.2
| | | |
0 1 2 3 4 5 6 7 8 9 10
Time (s) <10

FigBMHePC test Voltage Response Curve
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Internal Resistance (Ohmic + Polarization) Based

on HPPC Tests

e AL 0°C e At 25°C e At 45°C
o3
5t
B 2.6
« 23
8 )
5 1.8
€ 1.6
= 14 ec—
~ 1
0 10 20 30 40 50 60 70
SoC %
FigBICALB cel | i nternal
Tab3let er nal Resi stance of
At AO
SoC R_Ohmi RPol ari :
% (mq ) (mq )
1090 M®Py T M P dn
9@BO0 1.69 1. 34
80 1.54 1.59
7 B 0 1. 49 1. 75
6660 1. 44 1.89
540 1.53 1. 36
480 1.56 1.13
3@0 1.56 1.13
200 1.58 1. 23
1@ M®Pc T M®dn T
At 25AC
SoC R_Ohmi R_Pol ar
% (mq ) (mq )
1090 0. 62 1. 06
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.13

. 24

. 32

. 89

. 70

. 70

. 81

.14

W NDNDNDNWWWW

76

R Inte

(mq )
1.

6 8

N

100

resi stance

base

bas



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

98B0 0.61 0.72 1. 34
8&r0 0.57 0.92 1. 48
7® 0 0.59 1.00 1.59
660 0.58 1.13 1. 71
50 0.59 0.70 1.29
480 0.57 0. 66 1. 23
320 0.59 0. 66 1. 25
2a0 0.60 0. 74 1. 35
1@ 0. 62 0.91 1. 53
At 45AC

SoC R_Ohmi R_Pol ar R I nte
% (mq ) (mq ) (mq )

1090 0.55 0. 82 1. 37
9@B0 0.51 0.61 1.12
80ro0 0.52 0.72 1. 24
760 0.53 0. 82 1. 35
660 0.51 0.92 1. 43
S8 0 0. 54 0.57 1.10
480 0.52 0.57 1.009
320 0.54 0.57 1.12
2a0 0.53 nocn MOMT
M 1T nopp neoTo M®PHY

3.5Fd4st Charging Tests Resul ts

The Hyundast |lomagging profil e charwietsh tdhe
tot al charge cdpacivbytafheloOeésphpiAdEAduunser atsd o
rapid vol t3a@eddr Y themi nitial stage, a sharp
i's excitedaweushi nhgi gghheC transiti.dhef spmkeo dc mi n
i n maganti thudgeher current stagess, tshuechc edd .2 0MA |
A slight voltage drop follows the +300A phas
continues to rise steadily Fagiathg@gcelhl &¥pmpdh:

voltage increase beglhmeEemenomien @gmr aidrurad g ulad rt ihtoiue
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1500 and 2000 seconds, d uTeh et oqpraourirl en ta cpri efviels
charge in approximately 23 minutes, with the

resulting in a total charge time of 46 minute

Current and Voltage vs Time
[ [

0
—-4.2
-50
4
-100
< s
= 999
g 150 —Current (A) §
= —Voltage (V) o
&} *3.6>
-200
-250 3.4
-300 | | | 3.2
0 500 1000 1500 2000 2500 3000
Time (s)
FigBMHgundai fast charging test Voltag
Temperature HBagB8Beshdwnates a st eefpastther m;
charmgnomges s, particularly as the current incr

reaching 47AC at the Front Center of the cell
temperature and osecosBdamaukd &afeeearlt @RI dhe gt m
gradually decreafSlkeemamotbeptesrposi dtropsd near
2 and TC 12) consistently recorded higher t emy
1 and TC 10). This aempebateaedetdi spar mayeri al

as the cathode (NMC811) exhibits higher ther
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compared to the graphite anode. The |l ocalized
primarily results from ohmic heating due to t
during charging, and the tihrhdNrvVeCr8tl 1tlhh&i mal @d¢ h a
34 which shows averaged temperatures based on
bott om, and right sides exhibiting the highe:
t her mal chamber. The back shee,chambeh ifanpoe
enhanced cooling and remains significantly cc

thermally similar under i deal <conditions

Temp profile for the Hyundai loniq fast charging Test at 25°C

50 —

TC1 Front Upper Negative
= = = TC2 Front Upper Positive
TC3 Side Upper Negative
————— TC4 Front Center
TCS5 Side Lower Negative
TC6 Front Lower Positive
----------- TC7 Bottom Center
————— TC8 Side Center Negative
TC9 Side Center Positive
TC10 Back Upper Negative
40 [ e TC11 Back Upper Positive
————— TC12 Side Upper Positive
TC13 Back Center
= = = TC14 Back Lower Negative
----------- TC15 Side lower Positive
Ambient

Temperature [°C]
w
(4]

25

| | | | |
20
0 500 1000 1500 2000 2500 3000

Time [s]

FigB#Hegundai fast char griegp dleSsdl aectealtli otnesmp e 1
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Mean Temps based on thermocouple grouping for the Hyundai loniq Fast charging Test at 25°C
I I I I I

50
Front Side
45 - : Back Side —
T Left Side Negative
By, Rigt Side Positive
Mif*f Xy Bottom
e N Ny
@ T X
o T R
Q35+ TR .
E d R RS
c /1
o /4
L Vi |
€ 30 .
V4
s L ,_,,,;f“'/ |
20 | | | | |
0 500 1000 1500 2000 2500 3000

Time [s]

FigB#Hgundai fast tchmapgragpbese,gcelped by c

The 40s0eAc oll0d pul se fast charging profile ch

with a total charge capacity of 106i 983Bk. T h e

di splays a pulsating voltage increase through
primarily due to ohmic resistance, witduae ¢ ma
t he pul s hehdr0tO At ipmeé ses result in significant

340A and 227A pul ses, highlighting the ampl i f
At the end of thxredersd h mpekeorntdbh @ dhienust Ot0n tt agplpieg
to prevent the cell fr oml éTahgee epdri onfgi It eh ea cshpieecvi ef -
charge within 22 minutes during the 400A phase

during the 340A phase, and completes the char
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227A phase, with a total charge time of 37 mi

One Cell Pulse Charge Voltage Response Curve
T

-50 l’L VIJH | | —43
-100 V \ v
;é,zno N V 3_925
h —Current (A)
oo —Voltage (V) a1
w — 3.8
-350 3.5
400 PUU vauuiny LHEUuEY HHRRHRRRERUIRIEEE [ guguuy | | 34
0 500 1000 1500 2000 2500
Time (s)
Fi gBB®OOA Pulse fast charging test Vol
Ther mal datBi gppeskaowedai ateady temperat ur
charging process, with sharp rises during the

l ess steep as the current transitions to 340A
t empuerreatof 48AC at thBPuBhaoly Ckhkat227afphaseceth
to decline as the current reduces. Similar t
terminals (TC 11 and TC 2) record higher temp:é
10 andFIiTCAAEDowmetdamemp e rgatowrpeesd bV hkeedHd dSiades e x|
the highest aver agree ptoesmpteiroantiunrge so fd uteh et oc etlhle wi

and right sides, now cl oser to the chamber f a
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Temperature [°C]

50

-MAesAkcHMxrMast er

- Mlenci hvaenrisciatly Engi neering

Temp profile for 400A Pulse Fast Charging Test at 25°C

45

TC1 Front Upper Negative

~ — — TC2 Front Upper Positive
TC3 Side Upper Negative

—====TC4 Front Center

TC5 Side Lower Negative

— — — TC6 Front Lower Positive

- TC7 Bottom Center

TC8 Side Center Negative

TC9 Side Center Positive

..a.,..

? rf"%‘ T

TP s
-,:;_.,ﬂ'»'-:i__‘

TC10 Back Upper Negative ",
40 - TC11 Back Upper Positive “-—.-‘...“
- TC12 Side Upper Positive A e,
~———TC13 Back Center e .
= = = TC14 Back Lower Negative )
- TC15 Side lower Positive
Ambient
KR
30—
25
20 | | | | |
0 500 1000 1500 2000 2500
Time [s]
Fi gB@8®0A Pulse fast charging test cel
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50 Mean Temps based on thermocouple grouping for the 400A Pulse Fast charging Test at 25°C
T 1 1 T

45 Front Side g AT e i
Back Side N

Left Side Negative
Rigt Side Positive

Bottom

mean Temperature [°C]

| | 1
0 500 1000 1500 2000 2500
Time [s]

FigBAB®OA Pulse fast charging test, cell temg
A comparison between the Hyundai fast charcg
highlights their respective strengths. The H
mi nutes faster, while the pul ss&Whptefihe paaohbe\
exhibits slightly higher maxi mum temperatures
a more controlled and gradual heat generati or
thermocouples nedrertmmaemadnodce n(snedatnitMeg  r ecor d
those near the cathode (positive terminal),
compared . Toegraphi teatwittiho nr eosfp etchte c¢amenlftlihremd atnh ¢

heat distribution is stronmilygi malf | uepaetd fbiyo ml

as both tests show similar th&hmak pastubktasefn
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the i mportance of effective ther mal managemen
Hyundai profidteagerc raarpgidn g awiltyh t he pul se proc
faster charging with reducedbihedmali thtreds s

solutions, can i mprove chatrgimgpedffocmamceg, cC

61



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

Chapter 4

Battery Modul e Design

The goal of this project is to -Qhanmdalt eHaat
Pipe (MCHP) <cooling against conventional bot't
active cooling from theembélelrenadndadhagememt a s:

is achieved through the design and testing of
1.No Cooling: A simple enclosur eomwttrmhdelomal co
performance, identi fyolkdtl shetags,i ngnd Taval ca
informs the placement of thermocouples for
2.Bottom Cooling: A cold plate is attached
conventional active cooling strategy.
3.MCHP Cooling: MCHPs are integrated into thi
condensing side of the MCHPs to facilitate
To ensure systematic evaluation and efficie
a -cée | | prototype module. This serves as a test
performance before scalingftimad 5dat\ efrwyl Ipamdkd
20 modul es, each rat ed at 4 4T aVYAsaurmanaau li tziersg til

specifications at each stage of scaling, from

6 2
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TabdSasmmary of the specifications at each stag

Speci fi« Cel | Testing Ful I Mc Battery
Nomi nal \ 3.67 22 V 44 V 880 V
Nomi nal ( 113.5 113.5 113.5 113.5
Energy 417 Wt 2.5 kV 5 k Wh 100 kW
Ohmic Res 0. 4-~@. 2. 4~8. 4. 8~q. 96~1¢4 4
Cell s in - 6 12 240
Cell s in - 1 1 1

Each prototype module iIsabe2dd gmesi wi omi 80N

icig8Beto allow for accurate comparisons acr
mechani cal design, t her mocousppleeci pli & c efneeanttusr, e s
addressed in the subsequent sections.

FigB8&ayout ceefl It lpag oG otypes with cell |l abeling

6 3
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4. Mi cro Channel Heat Pipe Technology ( MCHP)

spe

Mi cc€Clmannel Heat Pi pes ( MCHPs) of fer a pa:¢
ci fically -edneesdiggpnsel d yf osry shtiegns | i ke battery

se change andancdatpgrladl vaiatryys faern i toemat ef fici ent |

er nal power or mechanical component s. Wh e n
king fluid absorbs thermal energy and vapo
i oer mal Ityh i nsul ated section t hat-efpfriecvieenntts

nsport whpheeamli wngg Atwot he condenser sec
denses back into liquid form, and is retur
nsfler0Ozxlycl e

The Calyos MCHPEiI a8 adpgarsatreas edi minl arl y bu

gr avaissy sted flow to circulate the working flu

t hi

Ssou

bat

i nt

ad,]

s system to function effectively, the heat
rce,geadgunirywvedg abdS®hwows the speciMGHRBhieons o
tem uses dielectric refrigerants as the wo
cuits and ensuring safe operation. Wi th a
handle up to 150 W @mérraomeponénODACand ad20y
MCeHPonstrates hi ghaltyhoesr nrad p cerftfsi ca elnicfyes p a
rs, making the systfemer dloirabalpeplarmcdat mainst &
tery dgalclke]c o dlliln/g

Cal yos ilninewRingoghnst o mi xfabt heifry eM@HPiIi ng sea
egration into diawsrsedhmguiDeMTyhepddlexdbési gh:

ustable bends, where the angle and Il,ocatio

6 4
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and the ability to modify |l ength, width, and t
Cal gbso offercrceesssc bmomabl profiles, including
desi gns, to meet specific application require
MCHPs address both ther mal management and st

batter y 1sly7sit e ms

TabhlCal yos MCHPO6s s[plelc6i]f i cati on sheet
Cal yos SMGHIRhrh or mat i on

Typical Ther mal Resi0. 035 K/ W

Wor king Fluids R1233zd(E)

Typical Cold Source AiirLi qui d GC€oadRkai e

Power per Component < 150 W

Max. Average Heat Fl< 7.5 W/ cmj

Max. Hotspot Heat F < 15 W/ cmj

Max. Temperature < 120 UC
HP Materi al Al umi num
Bonding Met hod Wel ded or Brazed

Operating Heat Sour 0 UC to +120 UC
Operating Cold Sour 40 UC to +60 UC
Storage Temperature 60 UC to +90 UC
MT BF > 200, 000 h
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Cold Source

Vapor Flow & : -» Condensation

Vapor flows along the \ Colder temperatures causes the
channels of the tube MR vapor to condense into liquid

Adiabatic Region
No Heat Transfer
Fluid undergoes phase changes

Vaporisation

Heat causes the liquid
inside fo vaporise

Liquid Return

Grooved channels assist
the return of the liquid

Heat Source

Fig8®al yos MCHP opkethT] on diagram
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Prismatic Cells Pouch Cells Cylindrical Cells

L
J
===

/
i

/

Figa®al MECBP different cgllllsf]Juse cases ¢

4. bana Cold Pl ate

The cold plate used across the desggasewas
unti b ait mplse melbbM.sEdi $ nc ol d hpAvagtdeihee at ur e sc oaa tpeodwd e
surface and offers a thermal reditstoprcatefs Qi
nomi nal pressure range of 180 kPa, with a maj»
burst pressure of 500 kPa. The plate supports
flow rate of 3.33 LPM,ecalfii ghDetsniggmeeidt hf oirt s1 0dd«
di ssipation applications, it provides cooling

this study. The effective cooling/ heating dim
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FigabDana Cold Plate, used in the bottom c

4. Busltbersi gn
Busbar sizing is a critical step in module

higlbrrent conditions. For this study, the busl

profil e, which represents trhewasmxsaubectexgpeto
conductivity and |l ow resistivity, minimizing
4.1

B'Ofo 800 ddud wa ‘Q
A Bo

[ 11¢
ReEf fective (RMS) current (A)
OCurrent during each phase (A
0:Duration of each phase (s).

Duty Cheheatgersai 586% or 0. 5.

The effective RMS current during f4d)e pul s

whi ch averages the current over the three pha

6 8
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T Phase 1: 400 A pulses for 22 minutes.

T Phase 2: 340 A pulses for 6 minutes.

T Phase 3: 227 A pulses for 9 minutes.

This results Ppefdbn®R RIMS csrecs eobA(f atrheea busb:
i's detlkeastedeadn t he wairme nEdRdetsisofriey J( Y)al ue f or
cooling can beofbe tpwparroolds@r vatilveg ImfurtedtAl/drmam]

based on iasi rseddaoBlttienige, rae gnucinriessdsant am@ali s cal cu

to b&GmMR, sufficient to handle the current wit
()
5 - (4.2
0
[ 12

Figa4délustrates the three types of copper
Busbars A and B -sdatrieonale asraeame «ofr 03442 mm| , di
specific configuratisoganedBliohbhat h@, MECHPt o msd | &

cressstional area of t4h0e3 MOMHP tpo aaccecnroermmo d at e

(C)

W £5. 88 mm
[ T 25. 4 mm
L 68 imm
A Z2a4a A £08a

FigdBdree types of copper busbars are
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The busbars are integrated into the module designs as follows:

T BusbaonA®lclt scel |l s within the testing modul e
f Busbar B connects cells E and F for the No
T Busbar C, a custom design, replaces Busbar

the MCHP geometry.
At the module terminals:

T The No Cooling and Bottom Cooling setups wu
T The MCHP Cooling system connects directly

MCHP desi gn.
The resistance of each busbar is calculated using Eqdt®)nand the corresponding

power loss (P) is determined using Equatibn).

.0
Y mil (4.3
0
_ [ 12
"Dl hreesi otf i mahttegyr i a |
0 oty (4.4)
[ 12

Theesi otfi wiotpyper 72t4p20mAC 12PHdesi satnalndehe powe

| oeser the pul se ffoamasah chhuasphparro g i mab edwea s

f Buba'l =A®uvzpmm 0 =018W.

1 Busbavr=tBugz pmtnm, 0 = 2W.

10W.

f Busbaw=c@rtzpnm U

Ther mal behavi or was (48)s,s ewls iedh u estsrnaignsakt gemsa t
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temper at urtehe ifsaestducharggi ng at 400A.

O 646 Yy (4.5)
0 08YQ4Q
6dSpecific heat 88plakkdA@ of cc

” . Density8®60aclkhgppber i s

Baseds wasdgtheer neath d u c,tuinviftoor m cur r,eandti abbast ci
condi t idormhsn s i &@nd u rhiglagdatmd npul se 2220 i agcTohreds i r
esti masbdmper awistrreout any cooling during the

f Busb &ty A:cdd

T Busba&iy B:@d

T Bus &y 4 .AL

Ther e@fhoddrass bars should beebluUfSfprcoteatypest st

heating caused by their resistance at fast <c¢h

4. INo Codéeshgng Modul e
The No Cool i ng sFyisgtdeBne,i si lal ussitmpaltee de nicnl 0 s ur e

top and openings for the positive and negati v

serves as a benchmark to evalwuate cell heatin
|t I's used hteo i angtsoeetl | ofheaelilng and provides a
thermocouple placements Iin subsequent setups.
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The encl epsruirnet d*ds T G Dmat eri al. A 0.5 mm insu
sheet is placed between -eiarchuiptaiimg oifn ceddes dfo
cell 6s protective surface. Additionally, this
dureynwgling, reducing stress on adjacent <cell s

Figd®Ne Cooling Test Modul e CAD diesstgal | &thioaovn
The cells
4. 4Nd@ Co&kitTlper mocoupl e placement

The No Cool i ngl a&chemenotc owmapd ef oc Fsieggdt Baesmn c el |
' imited thermocouples were available. These t\
surrounded by ot her cell s, i s expected t o €
thermocoupl e placement andaltabBelgbdmeqrfiogabeecl | s
Al'l Type T thermocouples were secured and affi

t hher mal. cont act
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CELLC

On Busbar On Busbar
[clies () oo
L= o o o o &
C1 C3
Cc7 Cé
c2 Front Cc4 Back
C5
FigadLel | C of the No Cooling testiamg.l lhodyl e
On Busbar On Busbar
[oloe ) o[
D1 D3
D7 Dé
D2 Front D4 Back
D5
Figael | D of the No Cooling testiameg.l hodayl e

4. Bottom Cold Pl ate Cooling Testing Modul e
Most pEMViossmaeltdtct ery packbBotatr emevosalled ngdicthhe s
as the BMWyiuxndaanid Ifolnd 1q] .Be[rli2eds] col d pl ate test

represent existing cooling technol odia@s ,t hei n
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foundati on. I n industri al applications, t herr
ensure full contact between cells and cold pl
consistent | ayering, and tfher noowruil regs, awhei cph atc
more than seven days. However, once cured, th
i mpossible to remove cells without damaging t
gap fillersuwderad|l dcedmed rams d | ab testing requ

An alternative was cotnyspeeTleMs ,i nwhihceh fwa ur
the performance of gap fillers. However, t he
persisted. Consequentl vy, a thermahdpazdiwitly a

W/ mLK was selected. Tdhesttrheaotmate,pardepddteals|l a,

providing sufficient ther mal c o nMfchiec tbirweiatkyd owmi
the three TI Ms clToanbSlieder ed i s shown in
TabelTd M material comparison for the Bott
Bergqui st Thermal -P Ther mal -P
TGF 2025 PutloO A35Q26m
Ther mal 2.0 3.5 3.5
Conducti
( W/ m. K)
Operati 40 to ¢ 60 to 1 50 to 1
Temperatu
Vol ume Re p Tl p T Pwp T
( an)
Vol tRaegsei st >5 >12 >13
( KV/ mm)
Cure Ti 7 days a N A N A

The final deésggdhecoheswnt-pnont ethr EETG3Dcompo
top cover, a s/ eTenvee b aasred ias haodlhleove db adsier ect | y t

adhesive with a maximum strength of 3900 ps
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compression of the TIM through structural def
necessary. The sl eeve incorporates rigid cros
cell s, ensuring uniform prdssmurthe Ssixe dweg ga red

achieve a compression ratio of 63% for the

T

inserts to maintain stOnudther &le Immstsehdemgittisy o wr3iD

TPU were inserted between <cells to provide

mechani cal i scoddaltpiamrsiiom.case of

PETG Battery Magnetic Housing Top
PETG Battery Housing Bottom [Sleeve]

CellSeparators [2mm]

CopperBus Bars

Toggle Latches

Battery Base Plate

Dana Cooling Plate

> TIM

FigaBettom Cooling test setup CAD desi

gn

Wi

Ther mal pads ar e adheardh etraonotchoeu pbl clstapunr e fn

75

€



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

47Wi ring holes are integrated into the design
the top cover includes cutouts for the positiv
attached, providing easyl eacpcreostse cttoi ntgh et hcee | nhosd we

FigdBettom Cooling setup TIM install

The final asskingi@&eRisgddheoswtni ngn i nvestigatic
t hceompressi on ac,iigb@wa so nmea ahseurceed last an averag
2 mm TIM thickness, resulting in an 83% compr

TI'M material datasheet, yielding an est.i mated

Figa8B8eottom Cooling Setup final asse
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FigaBettom Cooling Setup final assembly

Post Test TIM Measurements

1.65 1.67 1.70 1,69 1.64 1.69 1.68 1.70
F E

1.68 1.64 1.68 1.64  1.68 1.64 1.64 1.67
D C

1.68 1.67 1.68 1.68  1.67 1.68 1.67 1.66
B A

1.70 1.69 1.65 1.64 166 1.68 1.68 1.65

Notes: All measurements are in mm
Average measurement is 1.67 mm

Fighb@Bettom Cooling setup TI M ahategpl pingedceélel

compressi.on pressure

4. 5Battom C&lduPl aher mocoupl e Pl acement

The thermocouple placement for the Bottom

ensure repeatability with the MCHP setup, f a
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Critical measurement points for the bottom co
t hree ther mocougpndas davi & hpasTibtéit careeedch,t hlee cel | s .
di ameter of the thermocouples and the 2 mm th
while maintaining reliable itdguimapednewistuln e me e
t hermocoupl es, dependi ng T©Ohlherimosc wpslidad ome rwa t rh
the front or backefhcmstell nbhebeel b§ tdbher mocwoh
these | ocati oncsr iweirceald efeorme dneleetsisng t he proj ect

The ther mocouplleeb eflldaicregaeemt cerfFd gat éi detrai | e
56 Al I thermocoupl es were secured with Kapton

t a.pe

CELLA

Jn () ® b
Al A2
Front Back
A4 A3 Abd
FigbolCell A of the Bottom Cooling tlabelnlgi mgd:
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Jn (D ® e
B1 B?
Front Back
B4 B3 B5
Fi gbfel | B of the Bottom Cooling
the cell and .each thermocouple
o+ B1 @ B2 o
o L= o b= =] b=
Cl C3
C2 Front C4 Back
Cé C5 Cc7
Fi ga&el | C of the Bottom Cooling

79
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94 B1 @ B2 |-o

D1 D3

D2 Front D4 Back
Dé D5 D7

FigbhfLel | D of the Bottom Cooling
o () ® s

El F2

Front Back

E4 E3 E5

FigbhEel | E of he Bottom Cooling

80
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CELLF

Jn () ® [
Fl F2
Front Back
F4 F3 F5
Figbh&el | F of the Bottom Cooling tlabelnlgi mgd:

4. BMCHHesting Modul e

The MCHP test mo &ulg&)7e iwlalsu sdtersaitgende di t o s u
configurations for testing MCHPs while maintai
The decdmtreerricddnd t he MCHP diimgd@xsienssrs mgwmr oimp a

and structAlrlalc uisnttoeng rpiatryt s i n the modul e were
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Modul e CAD design conc

Fi gb™M&CHP Test

MCHP Dimensions

0%,;- 55mm =1mm
2,

%
48mm=1mm

221.5mmsimm

A
/:“‘\
o
Y

3mmz. 15mm
23mmsz.1mm

26mm=.1mm

Figbhb8&€HP di mensions with tolerances
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To provide adequate compression and alignn
rods toeamgpdiys ressure, ensuring proper cont a
and the cells. The condenser secndd nt a ss tsaubpiploi

MCHP and distribute compression forces unifor
and compress-edch-denght woMDF boards. TRBéS8é& boa
threaded radcs,s pgroopirldeos® dmramd jaust abl e pr es st
condensertbdecciobd ahdt e.

The MCHPs are daquwitppdd de dwitthhe r mrad i nterface

graphite TIM (28 W mK) on t hebacsoendd etnhseerrmasli dien s

W/ mK) on the evaporator side. Addiltaitomalolny,t hae
prevents heat | eakage. As in theprBontteodn TCGPOU dw
inserted betwededrctallcdhht ¢« amreowifdescr atches, an:

in caseXmmdnsi on

Calyos reapomepda ¢@d0d klmimphers si can |v alfu ash eo nMC
contRan st.,)lhint®o rt eplsee was beettuawad . &b Nenr ved t hat t
Nm caused bending in the MDF boards (@& <col d
@47nindicate an applied pressure of approxi mate

17 kg weight placed on the modul e.

. .. YeEINno6Q (4.6)
el DOHYWOQQO I

- "¢ wQ

51 Qi i 64-© (4.7

0 £¢ 0 W@io IO
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The final asBegb9g,gaPhaogwnt ehni ghl i ght s t he i

boar d, MDF compression ¢

rectangul ar cut wadhamade Bius bta

the MCHP supporting
modi fication, a
C. Thermocoupl es

ar

Figh®e®rner

e

\Y

rout etde it iorpoweang hn gtsh.e posi t i

Iy
il
| ol

1

ew of the complete MCHP t
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FigeM&HP testing module, illustrating

pl acemecbndentske.

Fig6M&LCHP testing modul e, showing
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4. 6 MCHP Setup Thermocouple Placement

The thermocouple placement for the MCHP s
Bottom Clodsdnopd galtéehe t her mocouples used are 0.5
thermocouples were repositioned from the cent
MCHP evaporator and the cell surface. One the
anohwapl aced bel ow the condenser region to avo

and the cold pl ate.

The ther mocoupll &b gfildaicreepaecnht caeffdl gekr @i glhoevn i

67 All thermocouples were secured with Kapton
AMCR: Cell A MCHP Condenser Right side.
AMCL B2 @ Bl AMAR: Cell A MCHP Adiabatic Right side. m
. L= o L= L= L= o AMAR
Al A2
Front Back
A4 A3 A5
FigaZell A of the MCHP testing Imddedlla ntgher n
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CELLB
= (e () ® e
BMAL — BMAR
Bl B2
Front Back
B4 B3 B5
Figat&el | B of the MCHP testing |Imdbedlla ntgher n
CELLC
“eMeL [odee C D m[e] —
CMAL =] =i =] = =] o CMAR
cl c3
o, Front CA4 Back
Cé C5h c7
FigeadLel | C of the MCHP testing Imddedlle ntgher n
CELLD
p—— [odss () # [] e
DMAL _ DMAR
D1 D3
D2 Front D4, Back
Dé D5 D7
Figatel | D of the MCHP testing Inaobdeullle ntgher n

87




M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.
CELLE
—1 [ofes D ® o] e
EMAL o =] o = =] EMAR
El E2
Front Back
E4 E3 E5
Figa&el | E of the MCHP testing |Imdbedlla ntgher n
CELLF
TMCL [ofss () & o] —
Fi F2
Front Back
F4 F3 F5
Figerel | F of the MCHP testing |Imdbedlla ntgher n
4. 7Governing Ther mal Equations Battery and
This section outlines he fundament al t her
the i mplemented cooling systems. The key equa
and heat dissipation through t heolNongComeltihnogd,s

presented.

behawifourhe

behi

nd

each

These

battery

t her mal

equations
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4. 7Cél 1l based
The heat tramceflérodwati amsgi(l @) v dohead elay gener a
to internal resistance, electrochemical react
The Ohmiof haatehlg canEqlue t(480tnitnha tse de lquusailt rhgo @ s
the heat generated due to resistive (ohmic) |
resistive |l osses convert directly to heat.

~

0 "08Y (4.8)

The Entropic Heat Generatiotiue to the electrochemical reactions in the cell can be estimated

usingEquation(49). The entropic coefficient i syppeal fyc
obtained experimentally.

. o 7Y (4.9)

v By

T i sbddleutae t emperature (K)

—ishet ecpe¢ficient (V/K)

The total h etaliceed ¢ n @ rsa ttil@emisiwanmh edt tdhener at i

Entropi c heads gledgeur aatifdiopm t hciughl @emtdleen t rhoega tc

generation is very minimal compared to the oh
0 0 0 (419
An experimental approach is wusually taken

using heabhageBoewaidb).ocoml hi s uappriozeecsph erhaedur endgat a

a ti me podpes doidfaitc i s found eistthuedtyh enxgmeat ieme al aloff
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ad gltliy by ewiobhvEqUAfTbentiitsermor e common for i
specificLh2BNL¥X¥EhP§Fooftli maggreu foaidsthielr &k g . k) .

0 4.1}
a &y

6N
T@€sting Setups
I n the No Cooling setup, the mai nf riobamtt heki s
si dewloificdt heex pcoeJldl@do n weheetartv et r ansf eralrcatl et (ed@)
h E@agti dme heat conduction into the plas
ul ative properties of PETG.

0 w86 8Y'Y (4.1 P

The main heat Bdoitstsoinp aGa ocolni nign atithdee MCHP di | &
ki nghfsucdn be si mpleichiaddslinyp ott the tctotpd o magh i e
For Bottom cooling

1- Heat Cobéeut oteleanseCretii é TI M.

2- Heat Conduction between the TIM and the C
3 Heat Convection bet wecernkitrhge fClodidd .pl at e an
For the MCHP cooling system.

1- Heat Conduction lhet Wdevh t he Cell s and

2- Heat Conduction bet weewmapdsatCGeddmns. and t he
4- Two phase rliexaed Cwanpreewcrt i onebaepweebbbde MCFH
the working fluid.

5 Two phase mixed vapour Meatki CgnWERBP i domni
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c onde nsseacttiioonn
6- He a't Conduct MCHPbebowdensthhednM.secti on and
7- He at Conduction between the TIM and the C

8 Heat Convection between the Cold plate an

As observed, the MCHP cooling systwhm ¢mvol\
introduces additional t her mal resistance comp
mechani smBot tcoonotlHeng system. This complexity r
efficiency for the MCHRreggeart amt bslowlkaeeecelald'eaa
di ssipation rate to tthlee sMGQHERB snosteen hraenmatihnes ¢
traditional .cold plate cooling

The temducamohbhe calcul a@deB. udhegeThiepu an&il ¢ i e
conductivity of A he nmatee ipapiti scW/made)at gr e di f f
across the madéthi alksnd«K9 of .t he materi al ( m)

o &Y 413
0

C

The most straightforward method to compare

MCHP cooling and the Ratltcaurh aG@Gd anlgi nt ¢h es yhsetaeg m riean

fluid in the cold plate. This can be achieved
inl et and outlet of the cold plate, using a k
capaci tryecainsdelay pmeasured fl ow rate. By assumi

originates sol elw tfhrooum tahney sbhaetatdegrbya sicseeksi osat s dn g

the heat dissipation can bieBEgwe@ot@3d mi ned using
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4. 8Battery Management System Setup

Battery Management Systems (BMS) are essert
reliable operahi batoéryipacksm. They monitor
vol tage, State of Charge (SoC), eStaltso orfe gHiel aa
charge and discharge currents to prevent con
function of the BMS is cell balancing, which e

capacity and emai ptaiflar3namg e

4. 80di on BMS: Features and Configuration

The Orion2 BMS is a versatile and advanced system designed for littoarbattery
applications. It provides redilme monitoring of individual cell voltages, pack voltage, current,
and temperature points. This project uses the @BMS primarily for cell balancing and
safety management. The system integrates <3G¥ curves and resistance values derived in
Sections3.5.1and3.5.2for SoC estimation and currdirhitations.

The BMS employs passive cell balancing, which dissipates excess energy from higher
voltage cells as heat through resistors. This method maintains voltage imbalances within 5 mV,
ensuring consistent performance across all cells. For safety, theZBMB& dynamically
controls relays to activate or deactivate contactors, disconnecting the battery pack in case of
overvoltage, undervoltage, overcurrent, or Higimperature conditiorj$24]. These safety

thresholds are configured based on the cell specifications provided in the datasheet.
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4. 8Sg2stem I ntegration
The Orion2 BMS is integrated with key safety and monitoring components to ensure robust
performanceAdditionally, the system is set on an external board for esstingmodule
replacementAn Anderson connectiois used to connect the sigm to the battery cyclerBhe
systemconfiguration as illustrated ifrigure68includes
T 2 x 500 A FupenvteCThesdhef paek from overcurr
circuit to prevent damage.
T 2 x 500 A, 800V Contactors: Controlled by 1
and disconnection of the pack from externa
T 2 kel ays: The relays act as switches contrc
contactor s-t bme e ygcoubrtracgnetall t ¢ mmpdemati.dtr e ns
1T 7 Yol tage Sensors: Positioned between =eac
measurement fop eacHmVWell in which the B M
measur ement .
T Current Sensor: Located at the negative te
of current during charging and discharging
T Thermi sEdidhéetr mi st or svi that he o@®e $ meéa saurree utsheec

temperature of the busbars and ambient env

Thi s configuration ensures vpleé¢éaigee mami teo

temperature parameters, enabling safe operat.ii

dur i nogh dragsitng t est s.
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S

e—— RN
>. Voltagel
Sensors

Fi ga®e i 2BlMS system integration with the

914



M. A. Sc. -MAesAkchMxrMast er -Mencihvaenrisciatly Engi neeri ng.

Chapter 5

Testi ng Procedure

This chapt emquo ptmeinh @ d patnbdg ipeasr amet er s used t
charging test sproens ebrattet dd.Tigre nyhoaaphteasrs mp ar abl e r es
across the thwbheaclhlsicawrahgpdeimtedagdd erent cooling

5. ITe s teiqug p ment

A controlled testingrecvisi ommewtui pimielnitzi sg
ceperformance assessment and ther mal anal ysi s
study

1 .AVL-SE orBaTgee B@ Ot ery Qyhdlserunkitg @ sehmopverr athes a
battery cycler, emulator, andi8§@&tV,c harouerrr.
l'imit of 600 A, and a power <capacity of 16
The cycler i 8t krgmumppewplwa tihnRut s, offering
N2AC, enabling detailed thermal monitoring

[ 125]
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—_—
=
=
=
=
=
=
=
=
=
=
=
=
—
=
=
=
=3
=
—
=
_—
=
=
=
—
=
-~
=
=
=
S
=
S
S

Fi ga6®A& L-SEorage BTE 160 Battery tester

2. Tenney TC20 Ther ntahlo wigaifeetrhi s environment

provides a capacity of 20 cubi-&c8 A@ etto aln&l0 s

|t ensures a temperature accuracy of N1AC,

condition[slZ@®]r testing
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qr.».._u-auh»»—/(:“ IV o e T o e s ol [ ?

\

ENVIRONMENTAL

i Tenney

Figau@enny Environmental TC20 ther mal

3.VWR 1171PDThcihsi Idécart tees a 1/ 4 HP positive ¢
cooling capacity of 800 W at 20ACACItoodp@AG
with a stability of NO.1AC. reserwhiilrl, era ifn
(3.75 LPM)s,uraangde spmeed Q 02 Srlet urn valve and a
metwerimstall ed to ¢€a@t ol the flow rate

4 NI 9213 and-dBBn®RIL4t her mocoupl e input mo d

t her mal measur ement . Both modules support
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270AC to +1Bi7R2ACewotbtRén, ensuring accur at
The NI 9213 offers an accuracy of 8Mg. 36AC
whil e the NI 9214 provides enhawesdlatcon
mode, with a maxi mubiz s8ophi mpduaee <ocncidod
junction compensation (CJC) sensors for S
conditions, along with features | ike open
maikng t h-emi wed | f or dpyrneacmisci cann[da ghfilgihc AL R ©® h s
5.NI 92Z&%Hannel anal og i npui hmaoadieellsei tdye sa pgmleidc «
with a N10 V medstremesnt utamge, ahéd a maxi m
kH z It supports bot-andled f meastr amemtngd, swin

protection up to 1830 nv tfhoirs rperloijaebcitl,i ttyhe N

thermocouple inpujtumotdiudre owommemnud atciodd, wh
data and a typical accuracy range of N3AC
measurement s, the module provided suffici
observe general thermal trends across the

6. Type T theCompospelde pfosda tdopEpdregnagat iaveohns
oper at27 0 AX7MCo wi t h an adclwridcny tohfi sN 1s.t0uAdCy ,
were spothowesledeadndi nt ested for accuracy bef

cont act and precise measurements.
Thicsombi naft i pw@li si on equi pment ensured r

acquisition for both ther mal and electrical p ¢

provided a controlled and repeatabl e tresofi ng
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the battery modul es undercharrgionugs ccoonod iitnigo rsst.r

5. ZTeisn@l obal Par ameters

The tests wersea deondwectTesnneyafT Ca20o0hheomhéed:
temperature of 25AC. The chot depVYWRBEtemperR2&aAC
Water waastbel ecovdealmgext ueme temperatures were
The flow rate, controlled via a flow meter an:

21i2. 4 LPM to align with the cold plate's nomin

t her mal pARrtiypaenah ctether mocoupl e was added at ¢t
measure the fl Ohe cté@mpéeat was rusefor at | eas
t her mal equilibrium and to eliminate air bubb

pl ate amidgthtbesgbItihtpstsi ng setup configuration

wi ahl the connections surrounding it.
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Heater
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Refrigerator

A

Humidifier
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Climatic
Chamber

Liguid coolant loop
Mass flow
meter

Test section

=

Figufesting

Unit Under Testing (UUT) : Battery Module

Dat a

current,

behavior

Liquid coolant bath

.........

Data acquisition system

setup showing the unit under tes

pl atand DAQ connections.
acquisition was conducted at 10 Hz tc
prevoldunigormi médasur ements critical fc

duEaal

ther hesdwspl e acquisition syst

center to monitor anec

mo

mi

dul es was monitor e

ts were configured

operating specificatio

t

pl aced at the chamber 6s
Ther mal data from the NI
S yesnt.

Vol tage and current
comply with the cell's
V to 26.1 V, reflecting
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di scharge and 405 A for <charge, with aode all
vol oage shoot s.

Temperatur e on mihtes AWdr e yxdteroaeandsthe ©Oheéeos

the cells and busbars during testing. The cell
the datasheet specifications. For the No Cool
However, this |imit was relaxed to 65AC for

di scussions with faculty advisors, l8RHleolNper
Cooling test was not repeated under the revis

Théer i BMS s tsoetmai nt ain cell bal ancing betwe
testing was permitted with deviations up to 5¢(
i mpact on capacity measurements with this | ev

The NI 9213 was used to capture the temper;
and MCHP t eBhea ngl sBkAJmeiset AQcusedtan® those cel
worcsatse heatiThgretenari ot is important to have

The NI 9214 was used to capturferthteret Bmopgdr
cooling and MCHP testing setups.

The NI 9205 was used to capture the temper
and E.

The AVLboy mther mocoupl e data acquisition de¢
temperatures on crdlolsientgamplidheb fiaor wtalse used t
temperatures on cel/l F and the cold plate inl e
setups. Finally, it was used to capture the t

F on the MEHKPpt esting s
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5. 3Fast charging protocol s

The same testing procedure was applied to
Col d Pl at e, and MCHP Cooling). Each test beg
maxi mum voltage | imit) and then disdhgrged at

After discharge, the modules were | eft to
t her mal equilibrium and voltage alignment bet
foll owing day to all ow sufficient cooling and

Thiedy unldani g anBultsheet f40NaAr guirdegt @ ilo éSi8ceadd. aln
wernanpl emented for all setups. For the No Cool
temperature reached 60AC, as natur al cooling
Bottom Cooling and MCHP Cool i ng csheetdu p5s5 A Q eosrt i
busbar reached 65AC. Testing resumed only aft
cell s amdadbuslperadled he oMadroqiendii pr onfeitlheod ensu

while all owing for accomptei sheasmblet werehosma n
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Chapter

Results and DI scussi on

The evaluation of cooling performance in t
Cool i ngesceothwdpusctved using two primary metri cs:
di stribution within individual cells and acr
performance of each setup independenitglyt fbeél
strengths and | imitations of each cooling met|

Kt ype thermocouple measurements at the cold p

from this discussion

6. No Cooling Module testing results
The No Cooling module served as a baseline
of active cooling. Results were obtained unde

400A Pul se fast charging profilCell $e@pamat Dr e
were selected due to their centr al position

accumul anmn e iogh heoea mhi sn g

6. 1. HyundalChBkagliensdg
The Hyundai fast charging test ufport ot h9ed %N oo |
the +300A current region,chwhighng@gcpgphasane samadr 3]

test dufTheivoltage Figligeesbd) bshewnai steep ri s
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to ohmic resistance, followed by a progressiyv
rates. The module voltage increased from a re
23.93 V (3.99 V per cell)ywaverenmi 83&t end ndu e st
temperature reaching 60AC. Coul omb counting i
corresponding to an estimated 50% SoC, assumi

prior to testing

No Cooling Hyundai Fast charging: Voltage and Current vs Time

50 24
oL 23.5
0 Total charge: 55.1 Ah 23
Pack Current (BMS) 22 5
Pack Voltage (BMS f
< -100 ’ ) 2
= 2 5
© &
5 -150 215 5
o >
b4 X
[&] 21 O
& -200 Iy
20.5
-250
20
-300 g
-350 19
0 100 200 300 400 500 600 700 800 900
Time (S)
Figu®Ne Cooling, Hyundarie sfpaamrsweehar gi ng Vo
The temperatur e anmpeses eoffi gkebh bl oCo4aensdh oDvi ng a
steady increase that becomes more pronounced &
the 25AC starting point suggest mi nor i naccul

soaking time, thoughbtkekesdhdi highested eamper ace

the sides where the cells d4Awel ddjheaentn,g . i Faoirc
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upper sides consistently exhibit higher tempe

the upper positive thermocouple on cell C | im
suggest that <cell C's upbes pppert i vieds i demp é K
and back faces of both cells display similar

shows a narrower temperature range of 2.1AC,
to the amiognla|l pempegr at ure recorded at the upperi

t hermocouple.data from cell C

No Cooling Hyundai loniq fast charging: Recorded Temperatures for Cell C
, | | ,

55
Max: 49.77°C |—Pos Term Side Lower
Max: 50.59°C |——Neg Term Side Upper
50+ Neg Term Side Lower -
Max: 47.75°C |— Center Bottom
Max: 49.90°C |—Center Front
Center Back
g.) 45 Maximum Busbar Temperature = 60°C
]
jo
or 40 n
©
_
3
=
Da35) N
]
o
./. -
30 Z
_Z
p— 2
20 | | | |
0 100 200 300 400 500 600 700 800 900
Time (S)

Figa®Ne Cooling, Hyundai fast charging cel
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FigaudNe Cooling, Hyundai fast charging cel

6. 1PAl se Fast charging

The 40s0eAc olmdd pul se fast charging profile wasa
the 400A region and 35% of the entire profile.
to the busbar temperature rehaahigegwaB8Adel Dver
cell s, corresponding to 39% SoF.gidpheemivrorlotrasg et
trend obsecebkd teassingleThe modul e began at a
cell), peaked at 23.72V (3.95V per celulr)r,enand
resting phase. Thd eicriist itahle wvoohinti acg er essp iskt ea nrc eef,
during each pulse due to polarization resistat
pul se ends. The overall rise in voltage is at

of ons, stabilizing progressively as the volta
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