-RXUQDO RI3RZHU 6RXUFHV

Contentsllists!available!at! ScienceDirect!

JOURNALOF

POWER
SRS

Journal!oflPower!Sources!

% e,

LSEVIER

journal homepage: www.elsevier.com/locate/jpowsour

Check for
updates

Novel'method!for!the!parameterization!of!alreliable!equivalent!circuit!
model!for!the!precise!simulation!of!a!battery!cell 's!electric'behavior!

Maximilian!Bruch *" ILluis!Millet 2!Julia!Kowal °,!Matthias!Vetter

2 Department! Electrical! Energy! Storage,!Fraunhofer! Institute!for! Solar' Energy! Systems! ISE, ! Freiburg,! Germany!
b ElectricallEnergy!Storage! Technology! (EET),! Department!ofl Energy!and! Automation, | Technische! UmittBesilin, | Einsteinufer! 11,110587,!Berlin,|Germany!!!

HIGHLIGHTS!

Pulse!characterization!of!allithium-ion!cell.!
Process!for!equivalent!circuittmodel!parameterlidenti"cation.!
Precise!electric'model!of!albattery!cell.!
Improvement!of!the!equivalent!circuit'models!robustness.!!

ARTICLEINNFO!! ABSTRACT!!

Keywords:!
Lithium-ion!battery!
Electric!model!
Pulse!characterization!
Equivalent!circuit'model!
Battery!parameter!
Battery!simulation!

This!article!presents!alnovellapproach!to!extract!the!equivalent!circuit'model!parameter!from!alpulse!test.! The!
presented!results!corroborate!that!this!novel'heuristic'methodology!can!very!accurately!"t'the!voltage!response!
oflthelbattery,!while!drastically!reducing!the!dependence!of!the!parametrization!on!set!boundary!conditions!and!
initial'guess!values.!The!method' s'robustness!is!veri"ed!by!"tting!the!voltage!response!oflalmock!battery!model!
with! pre-de"ned! parameters.!It!could!be! shown!that! the! suggested! method!is! able!to! precisely! extract! the! set!
parameters!from!the!simulated!voltage.!Furthermore,!the!model!values!obtained!from!the!test! of!a!lithium!ion!
battery! cell! correlate! with! physical! parameter!and! other!investigation! methods! like! the! calculation! of! the! dis-
tribution!of!relaxation!times!(DRT).!As!alresult,!an'accuratelequivalent!circuit!'model!oflthe!celllwas!created.! The!
restriction!as!to!universallvalidity!of!thelempiricallequivalentlcircuit'modellwas!signi“cantly!reduced!by!limiting!
thelvoltage!oflthe!RC!element!with!highest!time!constant.!Finally,!alrobust!battery!celllmodel!with!only!a!minor!
root-mean-square!error!of!1.30%!was!obtained.!

Result:'Alnew! method!for!the! precise! parameterization! of! an! equivalent! circuit! model! from! pulse!tests!is! pre-
sented.!The!robustness!of!such!equivalent!circuit'models!islincreased!by!limiting!the!voltage!of'the! RC!element!
with!the!highest!time!constant.!Overall,!a!precise,!reliable!model!of!a!lithium-ion!battery!celllis!created.!!!

safeloperation'have!to!beladdressed!p,3].!Inlalmost!every!application!
the!lithium-ion! battery! system! affects! the! performance! (power,! oper-
ating! time! and! overall! lifetime)! of! the! respective! product.! Since!
lithium-ion! battery! systems!are! such!a! valuable! and! sensitive! compo-
nent,'highleffortlhas'to!belputlintoltheirldesign![ 4]!and'operation![ 5].!As!

1. Introduction!

Lithium-ion!batteries!are!a!key! component!in!electric! vehicles!and!
electric! storage! systems!for! the! grid!integration! of! higher!amounts! of!

#uctuating!renewablelenergy.!Therefore,!they!play!anlimportant!rolelin!
theltransformation!of!not!only!the!energy!sector!but!also!the! mobility!
sector! towards! more! sustainability! [ 1].! In! consumer! electronics! and!
power! tools! they! already! in#uence!and! bene"t! our! everyday!life.! To!
promote! wider! use! of! lithium-ion! batteries,! challenges! like! further!
reduction!oflinitiallcosts, llimited!energy!density!and!hence,loperatinglor!
cruising!range,!and!accurate! range! calculation!as!well! as!reliable! and!

part!oftboth,!a!proper!electric!modellislindispensable.!

1.1. Electrical'battery!cell'models!

In! general,! two! approaches! can! be! distinguished! [6].! On! the! one!
hand,lelectrochemical-based!or!theoreticallmodels!uselthelphysicalllaws!
to! calculate! the! electric! properties! [ 7].! Mathematic-empiric! or!
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Nomenclature!

Acronyms!and!Abbreviations!

CC! constant!current!

CPE! constant!phase!element!

CVv! constant!voltage!

DRT! distribution!oflrelaxation!times!

DVA! differentiallvoltage!analysis!

ECM! equivalent!circuit'model!

EIS! electrochemicallimpedance!spectroscopy!

GA! geneticlalgorithms!

GITT! galvanostaticlintermittent!titration!technique!
HPPC!  hybrid!power!pulse!characterization!
MPSO!  multilparticle!lswarm!optimization!

NMC! nickel-manganese-cobalt!

NRMSE! nominallroot-mean-square!error!

ocVv! open-circuit!voltage!

RClelement sublcircuit!consisting!oflalresistor!with!alcapacitor!in!
parallel!

RMSE! root-mean-square!error!
SOC! stateloflcharge!
SOH! stateloflhealth!

ZARCl!element CPE!circuit'element!with!parallel!resistor!

Parameters!or!Variables!

Cl! capacitor!

Dy denominator!for!calculating!thelvoltage!limit/from!the!
voltage!drop!

dU-gmine - minimumlvalue!for!the!voltage!limit!

dU-y voltage!limit!triggering!"tting!

I! current!

Ipuiset average!current!oflalpulse!

J! cost!function!for!least!squares!minimization!
j! sequential'number!for!the!logarithmic!relaxation!sections!
n! sequentiallnumberlfor!the!RC!elements!
Nrcimaxt Maximum!number!of!RC!elements!

p! sequentiallnumberlin!sums!

R! resistance!

Rint internallresistance!

Rntinit initiallguessl!ofithe!resistance!value!of!RClelement!n!
Rumax  upperllimit!for!resistance!(boundary!condition)!
Rnimint lowerllimit!for!resistance!(boundary!condition)!

Rsiinit initiallguessloflthe!seriallresistance!

Rsi seriallresistance!

t! time!

tpulse! pulse!duration!

u! voltage!

Uocwi calculated!course!of!thelopen!circuit!voltage!

Uocver  "tted!openlcircuit!voltage!at!the!end!of!the!pulse!
Uocvst  Startlvalueloflthelopenlcircuitlvoltage!just!before!the!pulse!

Urcinimit  Voltage!limit!of!"rst!RClelement!

Urcnimaxit  theoretical!maximum!voltage!oflRClelement!n!during!the!
pulse!

Urcnimax Maximum!voltage!of!lRC!element!n!during!the!pulse!

Urcn! voltage!oflRClelement!number!n!
URrcns! initiallvoltage!of!alRCl!element!
Ugs! voltage!oflthe!seriallresistor!element!
Uuont remaining!voltage!signallafter!subtracting!n!RC!elements!
voltages!
" time!constant!
init initiallguessl!for!time!constant!n!
n'maxt upperllimit!for!time!constant!(boundary!condition)!
n'min! lowerl!limit!for!time!constant!(boundary!condition)!

Tri data!set!consisting!of!the!chronologic!values!ofltime,!
voltage!and!current!from!the!
subsetloflthe!relaxation!part!

Ty subset!oflallogarithmic!section!

Tpri

Superscriptlindexes:Inthislwork!thelindex!numberlisiwrittenlin'superscript!
and!placed!in!square!brackets!

M! end!oflthe!relaxation!

N! start!oflthe!lrelaxation!after!pulse!

il sequential'number!for!thelindex!

Kis startloflallogarithmiclsequence!

Kni start!oflallogarithmic!sequencelin!which!a!RC!element!is!
"tted!!

phenomenological'models,!on!thelother!hand,!are!based!on!observation!
and!arelable!to!depict!measured!values!heuristically.! Theladvantage!of!
theoretical!models!is! that!they! produce!reliable! results! even!for! cases!
that! have! not! been! experimentally! analyzed! (universal! validity).! But!
they!are!generally!based!on!differential'lequations!and!become!compu-
tationally! intensive! [ 8].! Furthermore,! they! require! different! material!
properties!that!are! generally! only!'known!to! the!battery! celllmanufac-
turerland!material!supplier.!Quantifying!those!materiallconstants!for!a!
commercial! battery! cell' requires! numerous,! complex! and! destructive!
measurement![9+12].! Therefore,!a!phenomenological'approach!is!usu-
ally!lchosen,'whenlthelspeci“c!cells!materiallproperties!arelunknown.!As!
an! empirical! model,! the! Th evenin! model! or! equivalent! circuit! model!
(ECM)lisicreated!to!represent!thelelectriclbehaviorloflalbattery!cell.!The!
equivalent!circuit'mostly!consists!oflanlideallvoltage!source!that!stands!
forlthelopen!circuit'voltage!(OCV)!or'electrode!potential.!ltlis!lalcommon!
practice! to! model! the! overpotential! with! a! serial! resistor! (R ¢)! and,!
depending!on!thellevellofldetail,!onelorlmore!resistor +capacitor!circuit!
elements! (RC!element)!to!match!the!kinetic!voltage!behavior.! The! RC!
elementlislalparallellresistor-capacitorlimpedance!group.!Thelparameter!
valueslforlall'the!elementslareleither!de"ned!as!constants, lookup!tables!
or!"tted! functions! dependent! on!the!cells ' state-of-charge! (SOC)! and!
temperature![ 13+19].10ne![ 15,21,21],'two![ 17,22+29],!three![ 16,30]'or!
even!more![18,19,31+36]!RC!elements!can!belused!to!study!thelvoltage!

behavior.!However,loften!two!RClelements!are!chosen!forlalmodel!since!
thelliterature!states!that!thislis!suf“cient!forlalreasonable!representation!
oflthe!voltage!behavior!and!a!good! compromise!regarding! computing!
costs![16+19,24+28,32].!However,!based! on!the! theory! of!the!various!
different! electrochemical! processes! (like! charge! transfer,! diffusion! in!
electrodes!and!electrolyte,!migration! of! the!lithium!ions,!double!layer!
capacity),! it! becomes! clear! that! two! RC! elements! cannot! properly!
represent!theldifferentlvoltage!loss!effectslinlthe!battery!cell.! This!could!
belshownlin!Refs.|[16,33,35]!by!alhigherlaccuracy!when!morelthan!two!
RClelements!werelutilized.!Inlother!words, !thelonelor!two!RClelements!
models!are!alcompromise!for!the!ef'cient!approximation!of!the!lcell 's!
voltage!behavior.!Morelelaborated!equivalent!circuitimodels!can!utilize!
complex!elements!like!Warburg!impedance!or!constant!phase!elements!
(CPE)'and!can!belinterlaced.!Thoselelements!can'also'havelalcorrelation!
with!the!underlying!scienti"c!laws!of!the!cells!overpotentials![ 37].IThe!
ZARC! element! (CPE! with! parallel! resistor,! similar! to! RC! element)! is!
generally'associated!with!thelcharge!transferloverpotential,'whereas!the!
diffusion! overpotential! is! modeled! by! a! Warburg! impedance! or! a!
sub-circuit'thatlincludes!one!(Randles!circuit)[ 35+37].10nelsteplfurther,!
locally!resolved!ECMs!allow!a!good!modelling!and!furthermore!alview!
into! the! battery! cell! (like! individual! electrode! potentials)! [ 38,39].!
However,!with!these!more! complex!approaches!the! computationallin-
tensity!increases,!some!elements!like! Warburg!impedance!can!only!be!
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used! in! the! frequency! domain! and! have! to! be! approximated! with!
resistor-capacitor! circuits! in! the! time! domain! [ 36,37].! Furthermore,!
they!require!materiallconstants,!whichlin!turn!leads!again!to!the!same!
extensiveleffortlas!thelelectrochemical-based!models.!

In!Fig.!1lanloverview!loflECMlisipresented.!AnlECMiwith!n-RClcircuits!
istused!in!this!work!since!it'matches!the! parametrization!approach,!is!
adaptive!and!seems!to!be!the!best!compromise!between!accuracy!and!
computing!time.!

1.2. Measurement!tests!

In! order! to! obtain! the! lookup! tables! for! the! ECM! elements,! mea-
surementslhaveltolbelconducted.!Thelelectricallimpedance!spectroscopy!
(EIS)! for! example! is! a! prevalent! measuring! method.! An! alternating!
currentlislapplied!to!the!cellland!the!voltage!response,!foremost!ampli-
tudeland!phase!shift,lislanalyzed!at!different!frequencies.!Especially!the!
very!dynamic,!quicklelectrochemical!processesllike!charge!transfer!can!
belinvestigated!accurately!at!high!frequencies!(1!kHz-10mHz)!with!EIS!
[35].! Additionally! or! alternatively,! pulse! testing! can! be! performed! to!
determine! the! model! parameters! [ 15+19,23+34].1 Here,! a! short! pulse!
with!a! constant! current!is! applied! and! the! voltage! response! gives!in-
formation!about!the!electriclbehavior.!Also!certain!pulse!sequencesllike!
the!Hybrid!Power!Pulse!Characterization!(HPPC)![40]!can!be!applied!to!
measurelthelinternallresistanceloflalbattery.!Sincelthelbattery'testers'that!
are!generally!used!forlpulse!testing!are!limited!in!the!temporal!speed!of!
measurement! point! acquisition,! very! fast! processes! usually! cannot! be!
investigated. Therefore,lpulseltestslarelespeciallyluseful'toldeterminelthe!
slower!electrochemicallprocesses!like!the!diffusion!overpotential![ 34].!
The!Galvanostatic!Intermittent! Titration! Technique!(GITT)!forlexample!
islalspecialltestingland!calculation!procedure!based!on!current!pulses!to!
obtain!the!diffusion!coef'cient![ 10+12].!

In!the!following,!the! pulse!testing! approach!is! pursued!as!it! offers!
severalladvantages.!Firstland!foremost!alfullpulse!chargeland!discharge!
test! offers! the! prospect! of! being! the! only! and! single!test! necessary!to!
obtain'alfulllequivalent!circuit'modellforloneltemperature.!The!OCV!can!
be!lmeasured!at'thelendlofleach!pause!partland!thelresistorland!capacitor!
values!can!be!"tted!from!thelvoltage!behavior.!Furthermore,!apart!from!
thelregular!battery!cellltester!no!special,!ladditionallhardwarelisineeded.!
Therefore,!theltest!can!beleasilylintegrated!inlan!aging!studies' regular!
checkup!procedure.!

1.3. Equivalent!circuit'model!'parameter!extraction!and!characterization!
methods!

Kalogiannisletlal.[ 41]\classifyfourldifferent!parameterlidenti“cation!
methods.! The! parameters! for! an! ECM! with! RC! elements! are! either!
identi"ed!by!(i)!analyticallequations!calculating'the!parametersifrom'the!
voltage!values!at!certain!pre-de"ned!pointslin!time![ 13,26,29,31],!(ii)!
least!square!like!regression!approaches!identifying! parameters!that! "t!
the!measured!voltage!by!minimizing!the!difference!between!the!model!
and!actual!voltage![ 16,25,27,33+35],!(iii)!heuristiclalgorithm!methods!
(for!example!genetic! algorithms! GA![ 19,23,24],! multi! particle! swarm!
optimization!MPSO![ 30])!or!(iv)!Kalman!"lter'based!procedures![ 17].!
Someluselthelvoltage!during!pulselapplication![ 13,26,29],!someluselthe!
voltagelinlthelidle!pauselbetween!pulses![16,25,27,28,31,33,34]lor!both!
[15,17+19,23,24,30,32]!to!predict!the!model!parameter.!

For!al!"tting! procedure! the!underlying! model!is! converted!into! an!
equation! with! parameters! that! can! be! adjusted! so! that! the! result! ap-
proximates!thelmeasured!values.!Butlitlisinot!altrivialltask!tolextract!the!
ideal'matching!model!parameter!values!from!the!measured!data.!Most!
methods!like!the!least!square!"tting!routines!are!local! optimizers!and!
thereforelvery!sensitiveltolthelinitiallguessesland!boundary!conditions.!If!
thelinitiallguesslisinot!welllchosen, therelislthelrisk!thatlonly!allocalland!
not! the! global! optimum!will! be! found.!Hence,! the!initiall guesses!and!
boundary! conditions! can! signi“cantly! in#uence! the! identi"ed!
parameters.!

Secondly,!the!model'has!to!be!adjusted!to!the!investigated! process!
and!measurement!datalto!prevent!over-lortunder-"tting.!In!the!case!of!
battery!cellland!ECMlitlis!challenging!tolde"nelhow!many!RClelements!
haveltolbelconsidered'and'whetherltheylare!notablelor!distinguishablelin!
thelmeasured!data.!Electrochemicalleffects!are!merged!ififewer!RClele-
mentslarelassumed.!Thelotherlway!round,ifitherelare!more!RClelements!
than!necessary,!the!"tting!procedure!can!become!unstablelor!the!model!
matches! one!voltage!signal! (corresponding!to! one! electrochemical! ef-
fect)!toltwolor!more!RClelements.! The!latterlwould!distort!thelidenti"-
cation!process.!Evenlthough!the!differentlelectrochemicalleffects!can!be!
distinguished!by'theirldifferentireactionlrates,!determining'whetherithey!
occurlon'thelanodelor!cathode!sidelislimpossible!without!taking!the!cell!
apart! and! testing! the!lindividual! electrodes.! Unfortunately,!it! is! likely!
thatlintalcommercial!celllthe!leffects!on!both!electrodes!have!a!similar!
reaction!rate!and!accordingly!a!similar!time!constant!since!it!is!in!the!
manufacturer's!interest! to! design! the! battery! cell!in! al way! where! no!
electrodellimits!theloveralllbehavior!disproportionately.!Inlotherwords,!
thelcell'manufacturer!could!notlonly!balancelthelelectrode!capacities!but!
also!the!kinetic! behavior! of! the! electrodes! (by! adjusting! particle! size,!
porosity, letc.).!Stilllat!certain!state-of-charge!(SOC)!levels, temperatures!
[35]'orlafterlaging!at!alcertain!state-of-health!(SOH)![ 42]!overlapping!
timelconstantslorlelectrochemicallprocesses!can!becomeldistinguishable.!
In!Ref.!I[42],!this!can!be!noticed!by!the!formation!of!a!second!or!third!
instead! of! one! or! two! semicircle! in! the! Nyquist! plot! of! the! electric!
impedance!spectrum.! Therefore,!an!open!approach!with!an!unde"ned!
numberloflRClelementslisladvantageous!whilela!"xed!model!could!cause!
problemslor!belinaccurate.!

Hentunen!et!al.![ 31]!present!alspeci“c!analytical'equation!method!
that!"rst!calculates!one!RC!element!with!a!high!time! constant!'and!af-
terwards!alsecond!RC!element!with!lower!time! constant! from!the! dif-
ference! oflthe!measurement!and!the!"rst'RC-element.! They!evade!the!
"rst!problem!of!"nding!suitable!initial! parameter!values!by!not! "tting!
butlcalculating'thelvalueslinlde"ned!time!windowslinlthelrestltime!lafter!
the! current! pulse.! This! provides! good! results! but! requires! the! pre-
de"nition!oflthe!timelwindows!and!numbers!oflRC!elements.!

Theldistribution!of!relaxation!times!(DRT)!analysis!is!alvery!precise!
way'tolinvestigatelalbattery!cell ' slor'fuellcell’ slelectrochemical'lbehavior!
and!impedance!composition![ 43].!It!calculates!the!distribution!function!
of! thelinternal! resistance! over! thel whole! time! constant! or! frequency!
range.! Therefore,!itlis!especially! suitable!for!the!identi"cation!and! di-
vision!oflthe!differentlelectrochemicalleffects!without!any!prede"nition!
oflalcertainlnumber!of!lRClelements.!Itlis'normally!conducted!from!EIS!
measurement!data,!but!Klotz!et!al.![ 44]!show!that!by!a! Fourier!trans-
formation!based!technique!the! pulse!test! data! can!be!translated! from!
time!to!frequency!domain!solthatlit'can!belused!as!well'to!calculate!the!
DRT.!Alternatively,!Schmidtlet'al.][ 34]lpresentlalmethodliniwhichlalhigh!
number!of!RClelements!with!"xed,!distributed!time!constantslis!"tted!to!
thelpulseltests!voltage!signallinlalregularized,'DRT-like!fashion.!

In'this!work!the!DRTtool![ 45]!was!used!tolanalyzelan!EIS!measure-
ment!forlthelvalidation!oflthe!lnovel!pulse!"tting!procedure!presented!lin!
thislwork!(see!Fig.!8).!

2. Proposed!method!
2.1. Testldesign!and!measurement!setup!

When! designing! the! test! protocol! for! the! presented! analysis,! the!
following!aspects!were!taken!into!account!to!get!an!effective!and!ef"-
cient!procedure.! First,! the! test! for! a! full! characterization! at! one! tem-
perature!should!not!take!too!much!time.!Also, Inot!too!many!charge!and!
dischargelcycles!should!be!necessary!tollimit!thelin#uence!oflcycling!on!
al calendric! aging! study! for! example.! For! these! reasons! a! continuous!
pulse!process!was!used!to!generate!the!measurement!data.!

The! cell! is! completely! discharged! with! a! constant! current! (CC),!
constant! voltage! (CV)! process! and! then! a! long! pause!is! made.! After-
wards,!thelpulse!charging!starts!with!different!varying!constant!current!
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Fig.!1. Review!of!several!different!ECMs!for!battery!cells!with!exemplary!reference.!!

pulses!(0.2C,!0.4C,!0.8C,!1.9C),!pulsellength!(180s,!90s,!45s,!19s)land!an!
idle!time! of! 2420!s! between!pulses.! When!the! charge! voltage! limit!is!
reached,!a!CV-charge!phaselis!conducted!to!completely!charge!the!bat-
tery!cell,!followed!by!another!long!resting! period.! Afterwards!the! cor-
responding!discharge!pulsing!is!conducted,!analogous!to!the!charging!
procedure.'Whenltheldischargevoltagellimitlislreached,theltestlislended!
(seefFig.!7!a).!
Since!the!current!direction!is!not!changed,'hysteresis!effects!do!not!
in#fuence!the!measurement.! Also!every!test! pulse!follows!the!previous!
one,!so!noltimelis!squandered!setting!a!new!state!oflchargeland!waiting!
forlthelcorresponding!voltage!settlement!beforelthelactualltesting!pulse.!

So!every! part! or! applied! current! of! the! test! is! valuable! and! used! for!
analysis.!Since!allot!of! pulses!are!necessary!to!charge!or!discharge!the!
battery!cell,!alvery!high!resolution!over!the!state!oflchargelis!achieved.!
Atlthelend!ofleach!pause!thelrelaxed!orlalmost!fully!relaxed!voltage!can!
belused!to!model'the!lOCV!alsolwithlvery!highlresolution. Therefore, !this!
test!can!be!used!to! parameterize!alll'elements! oflan! ECM!forlone!tem-
perature! at!a! high! state! of! charge! resolution! without! creating! unnec-
essarylampere-hour!throughput'that!could!forlexample!disturblanlaging!
study.!
However,lalso!somel!disadvantages!comelalong.!The!long!relaxation!
time! between! two! pulses! makes! this! test! procedure! still! quite! time!
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consuming.! If! the! pause! is! shorter! than! the! relaxation! time,! over-
potentiall is! shifted! to! the! next! pulse! which! leads! to! an! error! if! not!
addressed.!Also,!iflthelinvestigated!battery!celllages!and! decreases!its!
capacity, thelpulsesloflalfollowing'testiwilllnot'be!'made!atlthelsame!SOC.!
The!pulse!length!could!be!adjusted,!but!this! variation! could!make!the!
results! incomparable.! Last,! and! depending! on! the! employed! battery!
tester,!therelare!restrictions!regarding!thelaccuracy!oflvoltage!and!cur-

Term  TRTRU®, 978 U% v P9I UM

rent,! but! most!importantly,!there! are! restrictions!in! the!length! of! the!
time!steps!between!two!measurements.! The!latter!limits!the!possibility!
tolinvestigate!the!fast!electrochemical'effects.!

Asltest!specimens,!26 AhINMClcells!of!A123!systems!werelanalyzed.!
Voltage!limits!were!set!to!4.15!V!(100%!SOC!at!CC-CV!charging!till! <
1A)land!2.75!V! (0%! SOC!at! CC-CV!discharging!till!> -1A).! The! PEC!
ACTO550battery'testeriwas!useditolconductitheltestsland'measurements.!

fmg I—%as U%aé . t%oilS I—%Jtlé, U%&ilé C1e M 1§ I—%A! 18 UBM! 18 |
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Constant! ambient! temperatures! were! maintained! during! the! tests! by!
climate!chambers!and!anlair-conditioned!testing!room.!The!EIS!testlwas!
conducted!with!the!Digatron!EIS-Meter.!

2.2. Introduction!of!the!new!parametrization!algorithm!

To! copelwith!the! problems! of! parameter! extraction,! the! following!
method!islintroduced:!Since!lnumerous!RCl!elements!could!belcontained!
inlthe!lmeasured!voltagelresponse,'alsubsequentlapproach!starting'at'the!
end!oflthelpause!part!is!suggested.! Thelassumption!that!lies!behind!the!
procedurelisithatlat!thelendlofithelrelaxation!period!only'theleffectlofithe!
slowest! (highest! time! constant)! RC! element! is! detectable.! Hence,! the!
models' "rst'RC!element!is!"tted!in!that!area.! Then!subsequently,!the!
modeled!voltage!approximation!is! subtracted! from!the!voltage!signal,!
and'the!next,!posterior!(lower'time!constant)!RClelementlis!calculated!in!
allarger!time!range,!which!is! extended! towards! the! beginning! of! the!
observed! voltage! relaxation.! This! is! repeated! until! the! "tting! range!
coversl!the!fulllrelaxation!part! of! the! voltage! response,! after!al current!
pulse,land!tolthe!point'wherelonly!thelconstant!OCV!values!arelleftlover!
(seelFig.!3!b).!

Fig.12lgiveslanloverview!ofithelmethod. Firstlalllnecessary!parameters!
(dUsi1,!dUsit 21 and!Nge max)'are!de”"ned!by!theluser,!the!measured!datalis!
loaded!and!the!pulse!and!pause! parts! are!l detected! Fig.! 2! P1).!Forla!
better! readability,! the!time!index!values! 2%Bare!written! superscripted!
between!square!brackets!to!avoid!confusion!with!exponents.!Addition-

§ —M! 18
T 1s’ ] :

The! formal! de"nition! of! sets! for! each! pulse! response! data! range!
reads:!!

-l Pulselandlrelaxation!set'with!M f 1Inumberlofidatalpointsleachforithe!
time!of!the!measurement!f%“?:!measured!ceII!voItage!U%S,!and!current!

ll
—M! 18 pS MS —%aéo
VA S N
85 S Ml 1S S 84S
where! 177« 061 | >0 >0 e 01T e O and!
I—smls > ol

U

TBMS I—ms —%Aso

Tr#T pri(T riis!alproper!subset!ofT pg).!

Then!the! "rst! pulse! and! pause! data! subset!is! de"ned! (Fig.! 2! P2).!
Starting!at!the!end!of!the!pause!part!fmsj!the!voltage!values!are!scanned!
inlreverseldirection.!When!alde"ned!voltage!difference! dUg 1, between!

the!scanned!value!and!the!Iast!voltage!U%"sis!exceeded,!this!point!U%1S
and!time!f%"léis!noted.!Between!this!time!and!the!beginning!of!the!rest!
period! f%"é al certain! number! Nrc max Of! time! sections! are! de"ned! that!
havelthe!lsame!naturalllogarithmic!distancelfrom!eachlother!(see!Fig.!3!b)!
(P4lin!Fig.12).1

-1 Firstllogarithmic!subset!(j ~ 1)!for!theloptimization!(given!theluser-!

de"ned!parameter! dUg;)!and!de"nition!of! s
Ty~ TRSTRTSuL M SN T #T,
forj” 1

Where!f%gislthe!"rst!time-step,!going!backwards!from! fms,!where!U%‘S!
™ dUg

- Further!2j° logarithmic!subsets!for!"tting!based!on!a! natural!loga-
rithmic!distance!range!between! ™ and!f%s(given!the! user-de"ned!

ally,! the! measured! values!f%{'f I_%EB U*are! highlighted! with! a! macron! parameter!Ngc ma)!
accent.!
8 9
' 2
. 2 ! 1S omr1s, 1S s s Voma T
TLI 3 t2 TLI 8t such!that t! t t It . W 3

forj™ 1, 2; 3;%; Necmax
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spaces and fitting limits; open test
file; identify pulse and pause
sections

l

4>| P2: take one pulse and relaxation data set

next calculation)

P11: go to next pulse data
subset (Uocv and Urcn end
values are start values of

No

l

P3: scan through the relaxation
part from the ending to the point
where first voltage limit (dUfit1) is

exceeded

l

P4: define logarithmic spaces

}

P5: calculate initial values and fit
Uocve and Urct

'

P6: subtract identified RC

elements voltage from
measured voltage

v

P7: go to next bigger time space |<7

D1: voltage
limit (dUfit2)
exceeded

Yes

{

P8: fit RC element in the extended time range

D2: all
logarithmic
sections
considered

Yes

v

P9: extend fitting range to end of
active pulse and refit last RC
element with additional serial

resistance (Urs )

l

( Parameter identification finished )

D3: optionally
refit refinement

No

Yes—P|

P10: refitting of all RC elements
at once with identified values
as initial guesses
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Fig.!2. Flowchart!of!the!proposed!parameterization!method 's!work#ow.!!




i Fig.!3. Display!of!the!"tting! procedure! exemplarily!
a | Uocv Uocv * Urar Woltaga mises. {L™) for! the! pulse! at! 78%! SOC,! 20! C! and! 5.2A.! a)!
voltage fitted —— current meas. (1) Measured!currentland!voltage!with!"tted!OCV, ladded!
5 voltage!of!the!"rst'RC!element!"tting!and!"nal'model!
3.930 voltage! after! the! whole! identi“cation! for! one! data!
gk x subset.! The! "rst! RC! element! is! “tted! in! the! range!
3.925 . SBAS | TS " .
. U[Ml _. betweenlthellast!point!(! t*!U S)!and!the! rst!point!
=3 <, . ey S
o 3.920 3‘& from!the!end!that!exceeds!the!voltage!dlfference!(U%lS
S e
% 3.915 2§ + UM dUsi1).1b)! Subsequent!"tting!in!logarithmic!
> 9 time!sections!with!measured!voltage,!the!"nal'model!
3.910 1 voltage'and'theliterations.!If'the!dotted!linelindicating!
3.905 the! different! logarithmic! sections!is! plotted! red,! the!
0 voltage!limit! (! dUsi2)!was!exceeded!at!that!time!and!
0 500 1000 1500 2000 2500 3000 the! "tted! RC! element! was! subtracted! from! the!
Time £ — 101 [s] measured!voltage!for!the!next!iteration.!!!
-------- log. space - no fit — dUnie2 v Uga ¢ Ug-s4
3e30] log. space - fit — Uocve Ug-» Ug_s
— fitfinal (Uocv + 2Urc) « voltage meas. (U") Ug-3 ¢ Ug-s
—=
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T,$Tr8ji(all'T, arelsubsets!ofT g, butlthe!2biggest® subsetli.e.,T (T
islequivalent!to! T g).!

Thelvariables! K;, are!created!forleach!subset|!and!are!assigned!the!
index!at'which!thelsubset! T |, starts.!Inlthe!"rst!"tting!procedure!( Fig.!2!

P5)!the!openl!circuit!voltage! Ugiv! and!voltage!of!the!"rst!RC!element!

U arelcalculated!forithelwhole!pulselandirelaxation!part!( T tor?™91
butlthelleast-squarelalgorithm!matches!thelvoltage!only!to!the!rearmost!
relaxation!period!( fg'r{"lstolf"“”%.!Since!the!ceII!voItage!Ugr’EB may!not'have!
completely! settled! till' the! end! of! the! pause! sequence,! the! actual! end!
voltage!Ugcverespectively!the!OCVlis!also!"tted.!
The!OCVlis!calculated!as!follows:!!
X1 ond omis | s
. It [
U%S ~ 0
ocv

UocvsF --Uocve! Uocvs T 51!01 T%'sit%‘* 15, pe !
P

for i 1,%;M! 1, M

Forlthe!"rst!pulselin!the!measured!test!the!"rst!voltage!value!oflthe!
sectionluﬁv!equals!the!OCV!at!the!start!Uoc\/s!.!For!the!following!pulses!
the!OCV!at!the!start!UOCVS!respectiver!U"gﬁv!corresponds!to!the!OCV!at!
thelend!oflthe!previous!pulse!Uqcvewhichlislidenti"edlinlthelprevious!"t!
(Fig.!2!P5).!

To! calculate! the! RC! element s! voltage,! "rst! the! initial! charge! or!
voltage!oflthe!RClelementlis!de"ned!( Eq!2).!

@)

For!the!"rst! pulse,! the!initial! voltage! of! the! RC! element! Ugc, siiS!
considered!zero.!Similarlto!the!OCV lin'thelfollowing!pulse!datalsubsets!
the! RC! element! starts! with! the! voltage! that! is! left! at! the! end! of! the!
previous!relaxation!period!( Urcrusis!passed!asUrcrasin!the!next!pulse!

BS ~
URCn URCn S

Time £ — TV -1 [s] [ ziKs] _ gin-11)

(gixa) _ giv-1))

"t).!For!altime!limited,!reasonably!quick!characterization!with!relaxa-
tion!periodslaround!2420!s,!thelcell ' slvoltage!will'not'have!fully!settled.!
Thereforelitlislimportant!to!carryloverlthe!lprevious!charge. Thelvoltage!
forlthe!following!data!pointslis!calculated!as!follows!( Eq!3).!

T 1§T

W~ 7 8, eSS
Uren” Ry T R Ugen 3)
fori” 1; 2, %; M! 1, M
The!RCl!elements!voltage!is!always!calculated!over!the!whole!pulse!
and!pause!range!( 2 T pr)!because!the!capacitor'might!be!just!partially!

charged!and!the!values!for!the!full'range!is!needed!later!on.! The!cost!

function! J.Uocve 'Ry; 1 Tislevaluatedlonly!forlthelend!oflithe!relaxation!
period!(t 2 Ty,).!
X e N
J.Uocve Ry 1t U® u®E, 1 uE (4)!
i
Accordingly!theloptimization!problem!is!( Eq!5):!

min .J.Uocve 'Ri; 1T T (5)'

Uocve 'Ri; 12 R;t2 T

Fitting!both!the!voltage!oflthe!RClelement!and!the! OCVlis!naturally!
increasing'thelriskloflanlerror!suchlas!"nding'allocallinstead!oflthe!global!
optimum.!Butlincreasing!the!pauseltimelwould!signi"cantlylincrease!the!
time!for!the!whole!test.! Therefore,!altrade-offlbetween!the!twol!aspects!
must!be!chosen!carefully.!

Afterlthe!parameters!arelidenti“ed!the!voltage!of!the!found!"rst!RC!
element! (n!” 1)lis!subtracted! from!the! measured! values! (Fig.! 2! P6),!
which!sets!the!basis!for!the!following!recursivelapproximations.!

e X0 .

(! i

%~
UU! n URCP

(6)!
p1l
Next,!thelrange!of! evaluated! values!is! extended!to! the! next!bigger!

logarithmic!section!( T to!?™9.lIflat!the!beginning! T°ofithatlenlarged!
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range,! the! remaining! voltage! value! U%’f’il is!at!least! a! certain! amount!
(dUsi2)'higherlthan!the!lOCV!Uqcve ithe!nextirecursive!'tting!procedurelis!
conducted! (®Ye<-path!of! D1!in! Fig.!2)!with!an!additional!RC!element!
(RC!element!n).! The!variable! K, is!introduced! and! obtains! the! index!
value! K; at'which!the!corresponding!sections! T, starts!(therefore!n
NRCmax)-!

Iflthelvoltage!limit!( Uocver¥ dUsiz)!is!not!reached,!therelis!no!sig-
ni"cantloverpotentialland!thus!nolelectrochemicalleffectlinlthe!range!of!
that!time!domain.!Thelcomputationalleffortlis!saved!and!the!next!loga-
rithmic!window!is!analyzed!( @No°-path!of!D1!in! Fig.!2).IThe!recursive!
procedure!(P6-8)lis!repeated!at!the!next!time!domain!and!so!on!tilllall!
logarithmic! sections! have! been!handled! (3Yeg-path! oft D2!in! Fig.!2).!
Only!the!parameters!oflone!RClelement! (R,; n)'are!"tted!during!this!
loop!since!the! OCV!was!already!de"ned!by!the!“rst!“t.! The!resulting!
voltagelis!subtracted!from!the!measured!signallagain!with!the!previous!
RClelements!following!equation! (6).!

us

Ut 11! Uoev! Urca (!

X
nt”

J..Ry;

Accordingly'the!optimization!problem!is!( Eq!8):!

min LRy o Tt (8)!
Rn; r.2R;t2T|_J
Forlalbetter!result,!the!cost!functions!(equations! (4)!and!(7))!can!be!
modi“ed!with!alsigmoid!like!penalty!function!in!case!the!voltage!of!the!
RCl!element! (LJ’Fﬁir)!is!higher!than!the!voltage!remaining!in!the!overall!

time! range!(U? ).!This!prevents!that!an!overestimated!RC!element!

.n! 1t
with!altoo!high!voltage!stripes!theloverpotential'to!which!the!following!
RCl!elements!must!be!"tted.!But!thislis!alsensitive!matterland!the!mea-
surement!noiselhas!to!be!carefully!considered.!

In! short,! starting! from! the! end! of! the! rest! period,! the! voltage! is!
reduced!to!thelopenlcircuit!potential'with!each!step!(see! Fig.!3!b).!Since!
an!additional! RC!element! only! gets!introduced!if! a! certain! voltage!is!
exceeded!thelalgorithm!de"nes!the!number!oflRClelements!on!the!basis!
oflthe! actual! voltage! behavior! forl each! pulse.! This! solves! the! second!
problem!of!"nding!thelright'number!oflRCl!elements.!

Whenlallllogarithmic!subsets!have!been!processed!t YeS-path!ofiD1!
in! Fig.!2)!and!all!RC!elements!have!been!de"ned,!the!serial! resistor!is!
“tted.! For!this,!the! range!is!increased!to! the! pulse! part! ( t®' 1S to! ™3 1
Togetherlwith!thelseriallresistor! Rgithelpreviouslylidenti"ed!RClelement!
(lowest!time! constant)!is! re"tted! using! the! found! values! as! an!initial!
guesses!(P9linFig.!2).IThellast!RC!parameterlvalues!are!revised!because!
thelinstantaneous!overvoltage!of!the!seriallresistorlislintermingled!with!
thellinear!voltage!increase!of!the!RC!element.! Thelinitial'value!for!the!
seriall resistor! Rs ini is! calculated! form! the!instant! voltage! and! current!
change!by!Ohm's!law!(Eq!9).!

R 1S . S

U U

Rs ini ~ m 9!

[
For!the!"rstland!the!lrecursive!"tting!steps!(P5!and!P8lin! Fig.!2)!the!
initialivalues! R, nrand! | iniarelcalculatedfrom'the!measuredivoltagelin!
thelstyle!oflthe!analytical!calculating!approaches!(similar!to!Refs.![ 13,!
26,29,31]).!IThelinitiallvalue!for!the!time!constantlis!simply!lassumed!as!
theltimelat!which!thelspeci“cllogarithmicloptimization!range!starts! s
relativeltoltheltimelat!thelbeginningoflthelrelaxation!period! f%‘é(Eq!lo):!

HnS| WS
nini t Pt

(20)!

Thelinitial'value!for!the!resistorlis!calculated'in!three!steps.!Firstlthe!
RClelement sImaximum!voltage!(at!the!end!oflthe!pulseland!start!of!the!
pause!period)!is!calculated!from!theloverpotentiallatithe!beginning! ">
oflthe!subset!(Eq!11land!Eq!12).!

%Ko S —% S

LT WUoeve. U™ 1Uocve
URCl max . {%q$ i”‘é é 1 (11)”
e 1 tini
u® 1wy u® 1
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e n lini

Urcn max €quates! the! maximum! voltage! of! the! RC! element! in! the!
measured!pulseland!pause!datalset.!But!thelvoltage!might!have!further!
increased! if! the! pulse! had! been!longer.! So! the! theoretical! maximum!
overvoltage!Urcmax: is!calculated!as!follows(Eq!13):!

~ U RCn max
™y

11 € omi

Urcmax (13)!

Fromlthislvoltagelthelresistor' slivaluelcan'belcalculated!by!Ohm' sllaw!
with!the!average!current!value!of!thelapplied!pulse!l yysei(Eq!14land!Eq!
15).!

V)
Rum ™ o (14)1
pulse
P N 1|—%$
with !puse” Nl'ill (15)!

Thelinitial'resistor!value!for!the!"rst!"tlis!calculated!similarly.!Since!
thelinitiallvalue!guesseslarelcalculated!fromlthelactuallmeasurement, the!
initial'guesseslarelalready!closeltolthelideallparametersland!noluserlinput!
islrequired.!

The!"rst! problem! mentioned!in! the! introduction,! the! dif*culty! of!
"nding'thelgloballoptimum!linstead!ofljust!a!localloptimum!is!mitigated!
since!only!one! RC!elementlis!“tted! at! a! time! with! appropriate!initial!
values! that! are! analytically! derived! from! the! voltage! signal.! Another!
advantage!oflthis!lapproach!is!that!by!splitting!and!"tting!the!voltage!lin!
eachlofltheldifferentltime!scales!subsequently,levery!sectionlislweighted!
similarly'even!though!there!'may!be!more!datalpoints!towards!thelend!of!
thelrelaxation.!

After! all! the! values! are! identi"ed,! an! additional! optional! (D3!in!
Fig.!2)Ire"t'with!alll parameters!at!once! can!be!made! (P10!in! Fig.!2).!
Since! the! arbitrary! logarithmic! ranges,! in! which! the! parameters! are!
generatedlas!per'theldescribed!methodology, llimitlsomehow!the!solution!
space!within!"ctive!time-domain!boundaries,!an!optimization!with!all!
identi"ed!RC!elements!over!the!whole!pause!part!can!re"ne!the!result!
and!improve!the!overall!“tting!score.!In!this!re"tting! stage,the! previ-
ouslylidenti"ed!values!arelused!aslinitiallvalues.!

J.Uocve Rs; Rl;%;%;Rn;%’r‘X U™ UE, U U v v
for i” N¥aM
(16)!

Thelpulselpartlislexcludedlagainifromithelre"tting!becauselthe!OCVIis!
not'lknown!between!two!pulses!(between! Uocysand!Uocye).ltlisllinearly!
interpolated!(seelequation!(1))!butthat/does!not'match'thelactuallcurved!
course.!Iflit'would!belincluded,!thelleast!squares!optimizerlwould!try!to!
reducelthis!deviation!and!thereby!alter'thelactual'RC!values.!Hence,!we!
assumelthat!the!difference!between!the!modeled!and!measured!voltage!
during! the! pulse! section! can! be! attributed! to! the! error! of! the! linear!
interpolated!OCV!oflthe!model!(see!Fig.!5).!

Inlsummary,!thelinitial'values!and!order!of!the!model'is'matched!to!
theltest!datalforleach!pulselwith!noluserlinput!required, lwhichlenables!a!
highlaccuracy! and! adaptability! to! the! speci“c! celll and! measurement!
precision.! The!few!new!"tting!parameters!can!be!easily!set!or!de"ned.!
Thelnumberloflitime!sections!(Nrc max'has!tolbelequallorthigher!than!the!
assumed! number! of! RC! elements.! Overestimating! this! value! is! quite!
tolerable!andlinlalreasonable!range!even!recommended!sincelalnew!RC!
elementlis!only!added!iflthe!voltage!limitlislexceeded.! The!"rstlvoltage!
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Fig.!4. Overview!oflthelveri"cation!with!alsimulated!
voltage!signal.!a-dlidenti"ed!values!forlRC!element 's!
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resistor! (left)! and! time! constant! (right)! for! the!
different! "tting! steps.! The! parameters! used! in! the!
simulation!'model!are!plotted!as!the!dotted!lines!in!the!
background.!a)!identi"ed!values!from!the!simulation!
without!voltage! noise!after!the! parameter!identi“ca-
tion.! b)!identi"ed! values! for! voltage! with! noise.! c)!
identi"ed! values! for! voltage! with! noise! after! the!

b

~

R [mQ]

re"tting! procedure.! d)! identi"ed! values! for! voltage!
with! noise! after! "t! with! boundary! conditions! (see!
Table! 1).e)! Exemplary! "tting! accuracy! of! pulse! and!
subsequent! relaxation! at! 85.4%! SOC.! Measured! and!
"tted!voltagelin!thelupper!and!deviation!in!the!lower!
subplots.!IThe!RSME!during!the!pause!(right!subplots)!
amounts!to!0.3!mV.!f)!histogram!of!the!RMSE!for!the!

c
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relaxation! part! of! all' identi"ed! pulses! with! voltage!
noise!at!the!different!steps!(b+d).!!!
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limit! dUg;1, hasltolbelhigher'than'thelmeasurement!noise!lpluslalsmalllbut!
noticeable!voltagelamount!for!the!"rst!"t.' The!same!applies!to!the!sec-
ond!voltage!limit! dUg, .!They!can!also!belautomatically!de"ned!by!a!
certain! fraction! ( Dg1,! Dsit2)! of! the! overall! voltage! drop! during! the!

reIaxation!(U%*S! U%ﬁ.!To!make!sure!that!the!voltage!Iimit!does!not!
sink! below! a!l reasonable! level,! al minimum! can! be! de"ned! (dU it 1min,!
dUfit2min)-!
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When!a!model'with!a!consistent!number!oflRC!elementslis!needed,!

thelvalues!oflthe!presented!"tting!approach!can!be!used!to!manually'or!
automatically!de"ne!reasonable!boundary!conditions!and!linitial'values!
forla!"nal!"tting!oflmodel!parameters.!

3. Results!
3.1. Veri"cation!with!simulated!voltage!response!

Sincelthe!parameters!oflalbattery!celllare!not'known!and!should!be!
identi"ed!with!the!presented!method,!an!intermediate!step!forits!veri-
"cation!was!introduced.!For!this! purpose,!a!mock!battery!model! with!
four!RCl!elements!and!known!parameters!was!created.! The!voltage!was!
simulated!for'the!lsamelcurrent!pulse!pro"lelaslinithelexperimentalltests.!
Thenlthelalgorithm!wasl!tested!with!this!syntheticldata.! Fig.!4!alpresents!
the! parameter! values! of! the! simulation! model! (dotted! lines! in! the!
background)! and!the! values,! which!the! algorithm! extracted! from!the!
simulated! voltage! pro"le! after! the! "rst! recursive! “tting! (after! P9!in!
Fig.12).!

The!proposed!method!works!well!for!the!time!constants!and!decent!
forlthelresistor! parameters.!For!the!low!resistance! values! of! Ry under!
30%!SOC!and!for! R at!around!30%!and! 70%!SOC,!the!prediction!be-
comes!dif'cult.! To! further! test! the! robustness,! the! simulated! voltage!
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values!wereldistorted!by'alrandom!value!of!
c,!d).!

Due!to! the! added! noise! the! scattering! increases! also! for! the! time!
constants!and!more!than!thelactual!four!RC!elements!are!detected!(see!
Fig.!41b).!

Afterlre"tting!(P10!in! Fig.!2),lthelvalueslin!Fig.!4!clmatchlverylwell,!
but! stilll more! than! the! actual! four! RC! elements! are! spread! over! the!
modeled! parameter! values! (gray! dotted! lines).! Even! though! 8! time!
sections!were!de"ned!(Nrc max = 8)'to!"nd!the!four!prede”ned!RClele-
ments,!in!62.5%!oflthelindividuallpulse!datalsubsets!fourlelements!were!

0.5!mV/!(resultslin! Fig.!4!b,!

2x107%3x 107

Root-mean-square error RMSE [V]

identi"ed.!In!28.1%! of! the! process! runs,! "ve;!in! 7.3%,! three;! and!in!
2.1%,! six! RC! elements! were! identi"ed! (RC! circuits! with! a! resistance!
lower!than!0.2!m & were!neglected).!
Iflalmodellor!allookup!table!has!to!be!derived!from!thelvalues,litlis!
very!unfavorable!to!have!different!numbers! oflRC!elements!or!a!non-!
uniform!assignment!of!RClelements!to!certain!time!domain!ranges.! To!
getlalconsistent!model!the!average!values!after!re"tting! (see'!eq.! (16))!
werelused!to! calculate!initial!and!boundary!values.! The!time!constant!
boundaries!were!set!to!values!in!between!the!predicted!curves!and!the!
resistancelboundary!values!between!almaximum!valueland!one!close!to!



Table!1!
Table!boundary!conditions.!!!
RC1! RC2! RC3! RC4!

max[8]!! 3000! 365! 30! 0.3!
ini[S]! 1000! 150! 5! 0.04!
min[S]! 365! 30! 0.3! 0.001!
Rmax[m &]!! 15! 15! 15! 15!
Rini[m &]!! 5! 2.5! 3! 2!
Rmin[m &]1! 0.2! 0.2! 0.2! 0.2!

zero.!Thelexact!numbers!are!documented!iniTable!1.!

With!these!values,!the!"nal!"t!'with!aluniform!numbers! ofl RCl! ele-
ments!was!conducted!(seeFig.!4!d).I Thelresult!shows!an!almost!perfect!
identi"cation!of! the!values!from!the!voltage!response.! Comparing!the!
"ttedvoltageland!thelsimulated!voltagelitlis'worth!mentioning!thatleven!
the!"rst!parameter!extraction!process!from!the!distorted!test!(see! Fig.!4!
b)!achieves! low! RSME! results.! However,! after! re"tting,! the! RSME! is!
lowered!tolalmostlthe!noise!minimum.!The!llow!RMSE!improvement!but!
considerably! better! match! with! the! prede"ned! values! shows! that! the!
voltage!response!is!ambiguous.!Only!at!a! very!high!"tting! accuracy!a!
clearltrend!can!be!derived.!

To! further! test! the! in#uence! of! the! proposed! "tting! parameters!
(dUs1,!dUs o orffollowinglequations! (17)'and!(18 )!'dUsit 1min 'dUsit 2mins Dt 11
and!Dy;o21as!welllasNrcmay),'alparameter!variation!was!performed.! The!
resultlislddocumentedlin! Table!2.IForimorellogarithmiclsections!and!lower!
dU!limits!altrend!to!more!RC!elements!or!over“tting!can!be!observed.!
However,! the! overall! deviation! between! the! model! and! measured!
voltage! is! not! increasing! signi“cantly.! The! “tting! accuracy! scarcely!
changes!with!the! parameter.!It! can! be! stated! that! the! new! "tting! pa-
rameters! in#uence! the! result! much! less! than! the! conventional! rigid!
model!de"nition!and!initiallguess!values.!Evenlifithe!maximum!number!
oflIRClelementslisloverestimated!by!three!times!(variation!1lin! Table!2),!
the! result! of! the! parameter! identi"cation! matches! with! the! correct!
number!(in'this!case,!4!RC!elements).!

3.2. Battery!cell'tests!results!

Thelveri“ed!procedurelis'now!applied!to!the!actual'test!results!of!a!
lithium-ion!cell.!In!the!following! Fig.!5!a,!thelresult!of!the!re"tted!"rst!
parameterlextractionlis!presented!for!the!measurement!at!20! C.!lt!also!
shows!theldistribution!oflrelaxation!times!(DRT)!calculated!from!an!EIS!
testlatimid!SOClaslalmeans!oflvalidation.!Alhistogram!ofithe!RClelements!
forlSOCllevels!between!40%!and!60%!is!plotted!in!the! same!chart.!In!
general,!therelis!algood!correlation!between!the!time! constants!of!the!
pulseltestland!the!DRT!peaks.!On!closer!inspection,ittbecomes!apparent!
that!the!highest!time!domain!RC!elementlis!not!observable!in!the! DRT!
range.!

Comparing'the!results!ofltheltests!at!different!temperatures!in! Fig.!5!
b,!it!can!be! observed! that! as! expected! the! voltage! behavior! at! lower!
temperatureslleadsltolsigni“cantlylhigherlresistancesland!slightly!higher!
timelconstants.!

Based!on!these!"rst!results!boundary!conditions!were!de"ned.! The!
initiallvalues!are!marked!with!alcross!in! Fig.!5!bland!the!values!of!the!
boundary! conditions! are! indicated! with! the! dotted! lines.! After! the!

second!"tting! procedure! with! the! presented! boundary! conditions! the!
RSME!is!compared!inig.!5!d.!lt'shows!that!there!is!no!signi“cant!in-
crease!oflthelerror!that!might!have!resulted!from!the!boundary!condi-
tions.!Onlylvery!fewladditional!"tslexceed!0.2!mVlat!low!state!loflcharges!
probably!due!to!the!restriction!of!the!resistance!value!R ;.!
Being!able!to!achieve!alvery!similar'and!extremely!good!"tting!ac-
curacy!with!slightly!different! parameter!values!and!numbers!of!RC!el-
ements! shows! again! that! the! voltage! behavior! is! either! not! perfectly!
distinctivelor!that!the!lECM!is!broad.!

3.3. Battery!celllmodel!result!

The!following!lookup!table!values! (curves!in! Fig.!6)!were!created!
from!the!"tted!values!(points!in! Fig.!6).!Itlislaltwo!dimensionalllookup!
table! that! consists! of! one! percent! SOC! steps! and! the! four! examined!
temperatures.!Alcoupled!thermal'modellis!not!in!the!scope!of!this!work.!
Instead,'thelvalues!ofltheltemperature!sensor!fromlthe!testlwere!used!to!
interpolate'the!model'parameters!accordingly.Thelcurrentloverltheltime!
oflthe!measurement!is!the! other! main!input! of!the!model.! With!these!
values!the!voltage!of!the!lexamined!cell!was!calculated!for!the!verica-
tion!oflthe!celllmodel.!

3.4. Battery!celllmodel!veri“cation!

First! oflall,! the!simulation!is! compared!to! the! pulse! test! to! simply!
control'thelsimulation'model 'slfunction.!Thelupper!plotlin! Fig.!7!alshows!
exemplarily!the!simulation!and!pulse!measurement!at!20! C.!Thelgood!
accordance! with! the! experiment! + also! for! the! other! temperatures! +
shows! that! the! model! is! functional.! Atlaround! 20!  C!the! root-mean-!
square!deviation!is!5.53!mV,!at!0! Clit!is!6.35!mV,!at!30! C!5.36!mV!
and!at!40! C!3.08!mV!("rst!CC-CV!charge!and!discharge!not!included).!

Next,!the!modelloutput!is!compared!to!alseparate,!impartial!test!to!
properly!validate!the! modelling!and! parametrization!approach!( Fig.!7!
b).'Thelvalidation!pro"les!were!created!from!random!current!values!for!
arandomlamountlofttime. !Afterlalcapacity!steploflaround!2.8!Alhlalpause!
ofl 600! s!is!made.! The! range! of! the! random! values! is! documented!in!
Table! 3.I The! reason! for! this! pro”le! is! that! the! changing! frequency!
respectively! step!length! of! the! applied! current! while! still' holding! the!
current!for!at!least!a! certain!timelin!addition!to!the!long!relaxation!in!
between!seem!appropriate!to! observe!the!accuracy! of!the!model!for!a!
certain! variety! of! frequencies! and! current! rates.! In! addition, ! two! full!
chargeland!discharge!cycles!with!halfland!the!fulllnominal!current!are!
part!oflthe!validation!pro”le.! The!validation!pro"le! consists! of! 79126!
datalpoints.IThelcell' sivoltagelwasllogged'every!2!slorliflalvoltage!change!
higher!than!1!mV!occurred.!Hencelafter!current!steps!theltimelintervals!
arelas!shortlas!1!ms.!Therefore,!the!modelling!of!the!quick!processeslis!
also! important! for! the! validation.! The! result! of! the! simulation! and!
comparison!with!thelactual!cellltestlis!shown!lin! Fig.!7!b.!

The! comparison! shows! a! decent! agreement! of! the! simulation! and!
experiment.!/An!RMSE!0f!37.6!mV!was!achieved.!With!an!overalllvoltage!
rangelfrom!2.75t0!4.15!V,lthis!corresponds!tolalnormalized!root-mean-!
square! error! (NRMSE)! of! 2.57%.! But! especially! the! constant! current!
cycles!show!distinct!deviations.! This!can!not!only!be!seenlin!validation!
pro“lelbutlalsolinithelpulseltest 's!'rstlinitiallfulllcycles!(see! Fig.!7!a).IThe!
logicallexplanationlisithat!therelislalproblem!with!thelvoltage!oflthe!"rst!
RC!element,!with!highest!time! constant.!In!the! characterization! pulse!

Table!2!
Theleffect!of!thelintroduced!"tting!parameters!on!the!resulting!accuracy!and!number!of!found!RC!elements!(RC!circuits!with!alresistance!lower!than!0.2!m & were!
neglected).!!!
Fitting!parameter! Fitting!results!
dUret mint Doy dUr2mint Doy Nrcimaxt éRMSE! <4IRC! 4IRC! >4IRC!
Reference! 1.8!mV! 30! 1.2ImV! 20! 8! 0.290!mV! 6.2%)! 60.5%! 33.3%!
Variation!1! 1.2ImV! 60! 1.1'mVv! 30! 12! 0.290!mV! 4.2%! 59.4%! 36.5%!
Variation!2! 0.5!mV! 80! 1.0'mV! 30! 14! 0.292!mV! 2.1%! 25.0%! 72.9%!
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Fig.!6. Sumloflalllobtained!values!necessary!forlthelcelllmodel.!In'thelupper!partlonlthelleft!side!thelopenlcircuit!voltages!foricharging'and!discharging'are!plotted!for!
theldifferent!temperatures.!On!thelupper!right!side!the!seriallresistor!values!are!shown.!In!the!lower!diagrams!the!numbers!of!the! RC!elements!are!presented.!

test,litlis!just!minimally!charged,!while!lin!the!full'charging!procedure!
signi“cantly!higher! charge!levels!and!accordingly!higher!voltages!are!
reached! (see! Lkcyivalues!in! Fig.! 7).! Thelmodel'was! derived! from!the!
pulselor!relaxation!sections.!The!high!overvoltages!during!full'charging!
and!discharging'have!not!been!part!ofithelparameterization.!Thislisivery!
likely!a! case!in!which!the! used! ECM!is!reaching!a!limit!regarding!its!
universallvalidity!orltransferability.'The!modellislonly!valid!forlthe!low!
chargellevelsloflthe!"rstIRClelementlthatlwerelanalyzed!during!the!pulse!
tests.! Accordingly,! a! limit! for! the! "rst! RC! elements! is! introduced! to!
mitigatelthat!problem.Thelvoltagelofithe!"rstiRClelementlisllimited!tolits!

maximumvaluelduring'the!parameterization.Therefore, thellimiticanlbe!

simply!calculated!from!the!RClelement’ slparameter!and!thelcurrent!l e

and!pulse!duration!t, se0f'thelunderlying!parameterizationltest!( Eq!19).!
0 1
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With!the!limits!in!place!the!simulation!becomes!considerably!more!ac-
curate!(seel!Fig.! 7).! Thus,!an!RMSE!0f! 33.2!mV!and! NRMSE! of! 2.27%!



Fig.!7).!
4. Discussion!

This!work!explicitly!lshows!the!possibilities!and!limits!oflthe!general!
equivalent!circuit'model!(seriallresistorland!succession!oflRClelements).!
Together!with!the! parameters! from!the! sequential! "tting,!it' allows! to!
representlthelvoltage!relaxationlafterlalpulselalmost!perfectly!(see!Fig.!5!
cland!d).! But! the! found! solution! is! not! necessarily! unique.! Only! the!
multitudeloflindividual,!scattered'resultslalong'the!stateloflichargelallows!
thelreductionlofithe!solution!setltolcertainltime!ldomains.!Encouragingly,!
thelidenti"ed!time!domains!matchlwith'the!peaks!oflalDRTlanalysis!oflan!
ElIS!measurement.'Therefore,the!DRT!mightlalsolbelused'to!"nd!suitable!

initial! guess! values! and! boundary! conditions! for! pulse! "tting,! even!
though!the! EIS! measurement!is! not! suitable! for! slow! electrochemical!
effectslorllow!frequencies.!Theloutputlofithe!"nal!"tting!procedure!with!
boundary! conditions! is! much! less! ambiguous! and! a! trend! is! visible.!
Compared! to! the! resistor! values,! the! time! constants! of! the! identi"ed!
values!are!stilll quite! scattered,! only! forl some! RC! elements! a! trend!is!
visible.!Possibly! de"ning! a! trend! for! the! time! constants! based! on!the!
presented! parameter!identi“cation! (see! Fig.!5)!and!re"tting! only! the!
resistor!values!might!lead!to!alcleaner!lookup!table!with!also!less!scat-
tering! of! the! resistor! values! but! would! likely! lead! to! slightly! higher!
"tting'errors!on!thelother!side.!

Gratifyingly,!the!shifts!in!the!trend!oflthe! RC!elements!with!higher!
timelconstants!(RC1,!RC2!and!RC3)!correspond!with!the!change!oflthe!
OCV sl!slopeland!accordingly!with!the! phase!change!in!the!active! ma-
terial.!Most!clearly, forlthelinvestigated!cell,'at'around!65%!SOCl!therelis!
aldistinct!peak!in!the!OCV's!derivative,!and!the!resistancelvalues!of!the!
"rstlRClelement!start!to!change!their!trend!and!decrease!shortly!before!
reaching!that! SOC! (seeFig.! 8).! At this! SOC!a! change!in!the! graphite!
anode' slintercalation!stage!can!belassumed.!Alvery!similar!trend!of!the!
resistance!lwas!measured!forlanlanodelin!Ref.!fi6]'whichlindicates!that, !
alsolinlthelinvestigated!cell,'the!diffusionlin!thelanodelis'dominating!the!
cell'slresistance!behavior.!



Table!3!

The!characteristic! of! the!veri"cation! pro”le.!Iflalrange!is!speci“ed,!al random!
value!between!these!numbers!was! chosen!to! de"ne!a! reasonable! pro"le! with!
varying!dynamic!and!current!rates.!!

Order! Name! Current!range! Duration!range!

1! CC-CV!charge! 13!AIl 0.5C)!  Fullicharge!(4.15!V!and!< 1A)!

2! CC-CV!discharge! ! 13!A! Fullldischarge!(2.70!V!and! > -1A)!
3! Charge! 0!Alto!50!A! 1sec.!to!100!s.!

41 Discharge! ! 50A!to!0A! 1sec.!to!100!s.!

5! Mixed!Charge! ! 30A!to!50A! 1sec.!to!200!s.!

6! Mixed!Discharge! ! 50A!to!30A! 1sec.!to!200!s.!

7! CC-CV!charge! 26!AI( 1C)! Fulllcharge!to!4.15!V!and! < 1A!

8! CC-CV!discharge! ! 26!A! Fullldischarge!to!2.70!V!and! > -1Al!

Fig.!6lindicates!that.!Itlislespeciallylvisible!forlthe!resistorivalues!oflRC6!
and!RC7!at!0! C.!Quick!effects!(small'time!constant)!are!likely!charge!
transferlvoltagellossesithatlhavelalnonlinear!correlation!between!current!

and!overvoltage!described!by!the!Butler+Volmer!equation.!
Onlthelotherlend,!the!slow!diffusion!processes!corresponding'to!high!
time! domain! RC! elements! do! not! match! the! actual! electrochemical!
process.!This!could!be!mitigated!by!alcharge!or!voltage!limit!ofithe!RC!
element! with! the! highest! time! domain.! In! additions! to! the! "rst! RC!
element,! limiting! the! following! RC! elements! might! also! bene"t! the!
simulation.! Without! the!limit,! the! RC! element 's!voltage!reaches!high!
levels,lespecially!for!constant!current!pro”les!that!'were!not!observed!in!
thelparametrization!tests!and!therefore!not!part!ofithelempiric!basis.!
Atlthe!moment,!the!model'alsolusesllinearlinterpolation!between!the!
analyzed!temperatures.! In!reality! this!is! not!in! line! with! the! electro-
chemical! effects.! This! could! lead! to! additional! minor! errors.! Al three-!
dimensional! "tting! approach! for! the! lookup! tables! with! additional!
temperatures!or!a!better!'way!oflinterpolation!would!be!bene"cial.!Be-
sides,!the! presented!simulation!also!uses!the!temperature! of! the! cell s!
surface! measured! by! the! temperature! sensor! of! the! battery! tester.! Al
coupled!thermal'model!and!the! calculation! of! the! electric! parameters!
based!on!thelinternalltemperature!oflthe!celllislanlimportant!next!step,!
especially!at!low!temperatures!and!high!C-rates![ 20].!

5. Conclusions!

The!presented!subsequent!"tting!procedure!starting!with!the!end!of!
thelidle!part!omits!the!need!for!initial!guesses!and!reduces!the!risk! of!
"nding!allocallinstead!of!the!globalloptimum.!Thelveri“cation!with!the!
simulated!voltage!proves!that!thelalgorithm!is!able!tolidentify!the!cor-
rect! ECM! parameters.! The! voltage! response! to! a! current! pulse! of! an!
actual!battery!cell!'was!measured.!With!the!presented!"tting!procedure!
and!albattery!model!consistingloflalseries!oflRClelements, the!relaxation!
afterlalpulselcould!be!"tted!almost!perfectly!with!only!alminor!deviation!
oflaround!0.08!mV.!Seven!RC!elements!were!identi"ed!with!time!con-
stants!ranging!from!10!ms!to!1500!Seconds.! The!time!constants!found!
arelsimilarlto'thelonesfound!by!DRT!analysis!from!an!EISitest.!However,!
thelpeak!at!the!highest!frequency!or'smallest!time!constant!in!the! DRT!
couldnotlbel!detected.Thislis!lcaused!by'thellimited!datalacquisition'rate.!
The! battery! tester! used! already! has! an! exceptionally! high! measuring!
speed!(every!onelor!2!ms)!but!alfurther!increase!would!be!welcome!to!
identify! the! missing! time! constant! and! completely! supersede! the! EIS!
measurement.!Also!optionalllogginglin!logarithmicltime!steps!should!be!
added'as!almeasurement!protocol.!'The!pulse!“ttinglis!already!favorable!
at! higher! time! constants! or! low! frequencies! that! are! not! properly!
measureable!with!EIS.!The!presented!approach!can!be!easilylintegrated!
in! aging! studies! to! investigate! how! the! internal! resistance! and! its!
composition!develop.!lt!may!reduce!the!necessity!to!conduct! EIS!tests.!
Stilllthe!missing!ability!to!detect!the!high!frequency!processlis!aldisad-
vantage!sincelit!corresponds!to!the!SEl!(solid!electrolytelinterface)!and!
thereforelits!growth!during!the!cells!lifetime!which!would!be!of!partic-
ularlimportance![ 42].!

The!presented!method!can!be!adopted!to!create!precise!battery!cell!
models!with!low! computational! effort.! They! can! be! used!to! meet! the!
challenges! mentioned!in!the!introduction!like! a! simulation! supported!
design!process,!almonitoring!process!that!takes!aldifferentiated!look!at!
the!composition!of!the!internal!resistance!or!as!a!sub-model!for! novel!
methods!which!are!able!to!simulate!the!thermallrunaway![ 47].!lIt'may!
evenlbelpossibleltolimplementlthe!subsequent!parameter!calculation!for!
battery!models!runninglonlbattery'management!systems.!Currently, !long!
rest!periods!are!already!used!to!reset!the! SOCl!value!based!on!the! OCV!
correlation.!Forlexample,!this!procedure!can!belextended!tolinclude!the!
presented!ECM!parameterlidenti“cation.!It'would!allow!to!monitor!the!
change!oflresistance!values!over!time!or!to!reset! the! SOC!value!more!
precisely,!also!based!on!resistance!values,!which!would!be!particularly!
interesting!forlcellswithlal#at!OCV!(suchlas!those!based!on!lithium!iron!
phosphate).! Apart!from!battery! management!applications,!the!grading!
procedureslat!the!end!oflthe!celllproduction!or!alusability!estimation!of!
used!batteries!for! further!operation! or! quali“cation!in! second!life! ap-
plications!are!other!potentiallindustrialluse!cases.!



Fig.!5).IThelotherlway!round,!thelrealland!imaginary!
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