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A B S T R A C T ! !

This!article!presents!a!novel!approach!to!extract!the!equivalent!circuit!model!parameter!from!a!pulse!test.!The!
presented!results!corroborate!that!this!novel!heuristic!methodology!can!very!accurately!"t!the!voltage!response!
of!the!battery,!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!of!a!mock!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!a!result,!an!accurate!equivalent!circuit!model!of!the!cell!was!created.!The!
restriction!as!to!universal!validity!of!the!empirical!equivalent!circuit!model!was!signi"cantly!reduced!by!limiting!
the!voltage!of!the!RC!element!with!highest!time!constant.!Finally,!a!robust!battery!cell!model!with!only!a!minor!
root-mean-square!error!of!1.30%!was!obtained.!
Result:!A!new!method!for!the!precise!parameterization!of!an!equivalent!circuit!model! from!pulse!tests! is!pre-
sented.!The!robustness!of!such!equivalent!circuit!models!is!increased!by!limiting!the!voltage!of!the!RC!element!
with!the!highest!time!constant.!Overall,!a!precise,!reliable!model!of!a!lithium-ion!battery!cell!is!created.!!!

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!renewable!energy.!Therefore,!they!play!an!important!role!in!
the!transformation!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!of!initial!costs,!limited!energy!density!and!hence,!operating!or!
cruising!range,!and!accurate!range!calculation!as!well!as!reliable!and!

safe!operation!have!to!be!addressed![2,3].!In!almost!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,!high!effort!has!to!be!put!into!their!design![ 4]!and!operation![ 5].!As!
part!of!both,!a!proper!electric!model!is!indispensable.!

1.1. Electrical!battery!cell!models!

In! general,! two! approaches! can! be! distinguished! [6].! On! the! one!
hand,!electrochemical-based!or!theoretical!models!use!the!physical!laws!
to! calculate! the! electric! properties! [ 7].! Mathematic-empiric! or!
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phenomenological!models,!on!the!other!hand,!are!based!on!observation!
and!are!able!to!depict!measured!values!heuristically.!The!advantage!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!equations!and!become!compu-
tationally! intensive! [ 8].! Furthermore,! they! require! different! material!
properties!that!are!generally!only!known!to!the!battery!cell!manufac-
turer!and!material!supplier.!Quantifying!those!material!constants!for!a!
commercial! battery! cell! requires! numerous,! complex! and! destructive!
measurement![9±12].!Therefore,!a!phenomenological!approach!is!usu-
ally!chosen,!when!the!speci"c!cells!material!properties!are!unknown.!As!
an!empirical!model,! the!Th �evenin!model! or!equivalent! circuit!model!
(ECM)!is!created!to!represent!the!electric!behavior!of!a!battery!cell.!The!
equivalent!circuit!mostly!consists!of!an!ideal!voltage!source!that!stands!
for!the!open!circuit!voltage!(OCV)!or!electrode!potential.!It!is!a!common!
practice! to! model! the! overpotential! with! a! serial! resistor! (R s)! and,!
depending!on!the!level!of!detail,!one!or!more!resistor ±capacitor!circuit!
elements!(RC!element)!to!match!the!kinetic!voltage!behavior.!The!RC!
element!is!a!parallel!resistor-capacitor!impedance!group.!The!parameter!
values!for!all!the!elements!are!either!de"ned!as!constants,!lookup!tables!
or! "tted! functions! dependent!on! the! cells ' state-of-charge! (SOC)!and!
temperature![ 13±19].!One![ 15,21,21],!two![ 17,22±29],!three![ 16,30]!or!
even!more![18,19,31±36]!RC!elements!can!be!used!to!study!the!voltage!

behavior.!However,!often!two!RC!elements!are!chosen!for!a!model!since!
the!literature!states!that!this!is!suf"cient!for!a!reasonable!representation!
of!the!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!the!different!voltage!loss!effects!in!the!battery!cell.!This!could!
be!shown!in!Refs.![16,33,35]!by!a!higher!accuracy!when!more!than!two!
RC!elements!were!utilized.!In!other!words,!the!one!or!two!RC!elements!
models!are!a!compromise!for!the!ef"cient!approximation!of!the!cell ' s!
voltage!behavior.!More!elaborated!equivalent!circuit!models!can!utilize!
complex!elements!like!Warburg!impedance!or!constant!phase!elements!
(CPE)!and!can!be!interlaced.!Those!elements!can!also!have!a!correlation!
with!the!underlying!scienti"c!laws!of!the!cells!overpotentials![ 37].!The!
ZARC! element! (CPE! with! parallel! resistor,! similar! to! RC! element)! is!
generally!associated!with!the!charge!transfer!overpotential,!whereas!the!
diffusion! overpotential! is! modeled! by! a! Warburg! impedance! or! a!
sub-circuit!that!includes!one!(Randles!circuit)![ 35±37].!One!step!further,!
locally!resolved!ECMs!allow!a!good!modelling!and!furthermore!a!view!
into! the! battery! cell! (like! individual! electrode! potentials)! [ 38,39].!
However,!with!these!more!complex!approaches!the!computational!in-
tensity!increases,!some!elements!like!Warburg!impedance!can!only!be!

Nomenclature!

Acronyms!and!Abbreviations!
CC! constant!current!
CPE! constant!phase!element!
CV! constant!voltage!
DRT! distribution!of!relaxation!times!
DVA! differential!voltage!analysis!
ECM! equivalent!circuit!model!
EIS! electrochemical!impedance!spectroscopy!
GA! genetic!algorithms!
GITT! galvanostatic!intermittent!titration!technique!
HPPC! hybrid!power!pulse!characterization!
MPSO! multi!particle!swarm!optimization!
NMC! nickel-manganese-cobalt!
NRMSE! nominal!root-mean-square!error!
OCV! open-circuit!voltage!
RC!element sub!circuit!consisting!of!a!resistor!with!a!capacitor!in!

parallel!
RMSE! root-mean-square!error!
SOC! state!of!charge!
SOH! state!of!health!
ZARC!element CPE!circuit!element!with!parallel!resistor!

Parameters!or!Variables!
C! capacitor!
D"t! denominator!for!calculating!the!voltage!limit!from!the!

voltage!drop!
dU"t!min! minimum!value!for!the!voltage!limit!
dU"t! voltage!limit!triggering!"tting!
I! current!
Ipulse! average!current!of!a!pulse!
J! cost!function!for!least!squares!minimization!
j! sequential!number!for!the!logarithmic!relaxation!sections!
n! sequential!number!for!the!RC!elements!
NRC!max! maximum!number!of!RC!elements!
p! sequential!number!in!sums!
R! resistance!
Rint! internal!resistance!

Rn! ini! initial!guess!of!the!resistance!value!of!RC!element!n!
Rn!max! upper!limit!for!resistance!(boundary!condition)!
Rn!min! lower!limit!for!resistance!(boundary!condition)!
RS! ini! initial!guess!of!the!serial!resistance!
RS! serial!resistance!
t! time!
tpulse! pulse!duration!
U! voltage!
UOCV! calculated!course!of!the!open!circuit!voltage!
UOCVe! "tted!open!circuit!voltage!at!the!end!of!the!pulse!
UOCVs! start!value!of!the!open!circuit!voltage!just!before!the!pulse!
URC1! limit voltage!limit!of!"rst!RC!element!
URCn!max!t theoretical!maximum!voltage!of!RC!element!n!during!the!

pulse!
URCn!max maximum!voltage!of!RC!element!n!during!the!pulse!
URCn! voltage!of!RC!element!number!n!
URCns! initial!voltage!of!a!RC!element!
URs! voltage!of!the!serial!resistor!element!
UU-n! remaining!voltage!signal!after!subtracting!n!RC!elements!

voltages!
 " time!constant!
 n"ini! initial!guess!for!time!constant!n!
 n"max! upper!limit!for!time!constant!(boundary!condition)!
 n"min! lower!limit!for!time!constant!(boundary!condition)!
T R! data!set!consisting!of!the!chronologic!values!of!time,!

voltage!and!current!from!the!
T PR! subset!of!the!relaxation!part!
T Lj! subset!of!a!logarithmic!section!

Superscript!indexes:In!this!work!the!index!number!is!written!in!superscript!
and!placed!in!square!brackets!
M! end!of!the!relaxation!
N! start!of!the!relaxation!after!pulse!
i! sequential!number!for!the!index!
Kj! start!of!a!logarithmic!sequence!
Kn! start!of!a!logarithmic!sequence!in!which!a!RC!element!is!

"tted!!
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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!material!constants,!which!in!turn!leads!again!to!the!same!
extensive!effort!as!the!electrochemical-based!models.!

In!Fig.!1!an!overview!of!ECM!is!presented.!An!ECM!with!n-RC!circuits!
is!used!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-
surements!have!to!be!conducted.!The!electrical!impedance!spectroscopy!
(EIS)! for! example! is! a! prevalent! measuring! method.! An! alternating!
current!is!applied!to!the!cell!and!the!voltage!response,!foremost!ampli-
tude!and!phase!shift,!is!analyzed!at!different!frequencies.!Especially!the!
very!dynamic,!quick!electrochemical!processes!like!charge!transfer!can!
be!investigated!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].! Here,! a! short! pulse!
with!a!constant!current! is!applied!and! the!voltage! response!gives! in-
formation!about!the!electric!behavior.!Also!certain!pulse!sequences!like!
the!Hybrid!Power!Pulse!Characterization!(HPPC)![40]!can!be!applied!to!
measure!the!internal!resistance!of!a!battery.!Since!the!battery!testers!that!
are!generally!used!for!pulse!testing!are!limited!in!the!temporal!speed!of!
measurement!point!acquisition,!very! fast!processes!usually!cannot!be!
investigated.!Therefore,!pulse!tests!are!especially!useful!to!determine!the!
slower!electrochemical!processes!like!the!diffusion!overpotential![ 34].!
The!Galvanostatic!Intermittent!Titration!Technique!(GITT)!for!example!
is!a!special!testing!and!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!
several!advantages.!First!and!foremost!a!full!pulse!charge!and!discharge!
test!offers! the!prospect!of!being! the!only!and!single! test!necessary! to!
obtain!a!full!equivalent!circuit!model!for!one!temperature.!The!OCV!can!
be!measured!at!the!end!of!each!pause!part!and!the!resistor!and!capacitor!
values!can!be!"tted!from!the!voltage!behavior.!Furthermore,!apart!from!
the!regular!battery!cell!tester!no!special,!additional!hardware!is!needed.!
Therefore,!the!test!can!be!easily!integrated!in!an!aging!studies' regular!
checkup!procedure.!

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

Kalogiannis!et!al.![ 41]!classify!four!different!parameter!identi"cation!
methods.! The! parameters! for! an! ECM! with! RC! elements! are! either!
identi"ed!by!(i)!analytical!equations!calculating!the!parameters!from!the!
voltage!values!at!certain!pre-de"ned!points!in!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)!heuristic!algorithm!methods!
(for!example!genetic!algorithms!GA![ 19,23,24],!multi!particle!swarm!
optimization!MPSO![ 30])!or!(iv)!Kalman!"lter!based!procedures![ 17].!
Some!use!the!voltage!during!pulse!application![ 13,26,29],!some!use!the!
voltage!in!the!idle!pause!between!pulses![16,25,27,28,31,33,34]!or!both!
[ 15,17±19,23,24,30,32]!to!predict!the!model!parameter.!

For!a!"tting!procedure! the!underlying!model! is!converted! into!an!
equation!with!parameters! that! can!be!adjusted!so! that! the! result! ap-
proximates!the!measured!values.!But!it!is!not!a!trivial!task!to!extract!the!
ideal!matching!model!parameter!values!from!the!measured!data.!Most!
methods!like!the!least!square!"tting!routines!are!local!optimizers!and!
therefore!very!sensitive!to!the!initial!guesses!and!boundary!conditions.!If!
the!initial!guess!is!not!well!chosen,!there!is!the!risk!that!only!a!local!and!
not! the!global!optimum!will!be! found.!Hence,! the! initial!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!data!to!prevent!over-!or!under-"tting.!In!the!case!of!
battery!cell!and!ECM,!it!is!challenging!to!de"ne!how!many!RC!elements!
have!to!be!considered!and!whether!they!are!notable!or!distinguishable!in!
the!measured!data.!Electrochemical!effects!are!merged!if!fewer!RC!ele-
ments!are!assumed.!The!other!way!round,!if!there!are!more!RC!elements!
than!necessary,!the!"tting!procedure!can!become!unstable!or!the!model!
matches!one!voltage!signal! (corresponding! to!one!electrochemical!ef-
fect)!to!two!or!more!RC!elements.!The!latter!would!distort!the!identi"-
cation!process.!Even!though!the!different!electrochemical!effects!can!be!
distinguished!by!their!different!reaction!rates,!determining!whether!they!
occur!on!the!anode!or!cathode!side!is!impossible!without!taking!the!cell!
apart!and! testing! the! individual!electrodes.!Unfortunately,! it! is! likely!
that!in!a!commercial!cell!the!effects!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!a!way!where!no!
electrode!limits!the!overall!behavior!disproportionately.!In!other!words,!
the!cell!manufacturer!could!not!only!balance!the!electrode!capacities!but!
also! the!kinetic!behavior!of! the!electrodes!(by!adjusting!particle!size,!
porosity,!etc.).!Still!at!certain!state-of-charge!(SOC)!levels,!temperatures!
[ 35]!or!after!aging!at!a!certain!state-of-health!(SOH)![ 42]!overlapping!
time!constants!or!electrochemical!processes!can!become!distinguishable.!
In!Ref.![ 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!
number!of!RC!elements!is!advantageous!while!a!"xed!model!could!cause!
problems!or!be!inaccurate.!

Hentunen!et!al.![ 31]!present!a!speci"c!analytical!equation!method!
that!"rst!calculates!one!RC!element!with!a!high!time!constant!and!af-
terwards!a!second!RC!element!with!lower!time!constant!from!the!dif-
ference!of!the!measurement!and!the!"rst!RC-element.!They!evade!the!
"rst!problem!of!"nding!suitable!initial!parameter!values!by!not!"tting!
but!calculating!the!values!in!de"ned!time!windows!in!the!rest!time!after!
the! current! pulse.! This! provides! good! results! but! requires! the! pre-
de"nition!of!the!time!windows!and!numbers!of!RC!elements.!

The!distribution!of!relaxation!times!(DRT)!analysis!is!a!very!precise!
way!to!investigate!a!battery!cell ' s!or!fuel!cell ' s!electrochemical!behavior!
and!impedance!composition![ 43].!It!calculates!the!distribution!function!
of! the! internal! resistance! over! the! whole! time!constant! or! frequency!
range.!Therefore,!it!is!especially!suitable!for!the!identi"cation!and!di-
vision!of!the!different!electrochemical!effects!without!any!prede"nition!
of!a!certain!number!of!RC!elements.!It!is!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!so!that!it!can!be!used!as!well!to!calculate!the!
DRT.!Alternatively,!Schmidt!et!al.![ 34]!present!a!method!in!which!a!high!
number!of!RC!elements!with!"xed,!distributed!time!constants!is!"tted!to!
the!pulse!tests!voltage!signal!in!a!regularized,!DRT-like!fashion.!

In!this!work!the!DRTtool![ 45]!was!used!to!analyze!an!EIS!measure-
ment!for!the!validation!of!the!novel!pulse!"tting!procedure!presented!in!
this!work!(see!Fig.!8).!

2. Proposed!method!

2.1. Test!design!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,!not!too!many!charge!and!
discharge!cycles!should!be!necessary!to!limit!the!in#uence!of!cycling!on!
a! 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,!the!pulse!charging!starts!with!different!varying!constant!current!
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pulses!(0.2C,!0.4C,!0.8C,!1.9C),!pulse!length!(180s,!90s,!45s,!19s)!and!an!
idle! time!of!2420!s!between!pulses.!When!the!charge!voltage!limit! is!
reached,!a!CV-charge!phase!is!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.!When!the!discharge!voltage!limit!is!reached,!the!test!is!ended!
(see!Fig.!7!a).!

Since!the!current!direction!is!not!changed,!hysteresis!effects!do!not!
in#uence!the!measurement.!Also!every!test!pulse!follows!the!previous!
one,!so!no!time!is!squandered!setting!a!new!state!of!charge!and!waiting!
for!the!corresponding!voltage!settlement!before!the!actual!testing!pulse.!

So!every!part! or!applied! current!of! the! test! is! valuable!and!used! for!
analysis.!Since!a!lot!of!pulses!are!necessary!to!charge!or!discharge!the!
battery!cell,!a!very!high!resolution!over!the!state!of!charge!is!achieved.!
At!the!end!of!each!pause!the!relaxed!or!almost!fully!relaxed!voltage!can!
be!used!to!model!the!OCV!also!with!very!high!resolution.!Therefore,!this!
test!can!be!used!to!parameterize!all!elements!of!an!ECM!for!one!tem-
perature!at!a!high!state!of!charge! resolution!without!creating!unnec-
essary!ampere-hour!throughput!that!could!for!example!disturb!an!aging!
study.!

However,!also!some!disadvantages!come!along.!The!long!relaxation!
time! between! two! pulses! makes! this! test! procedure! still! quite! time!

Fig.!1. Review!of!several!different!ECMs!for!battery!cells!with!exemplary!reference.!!
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consuming.! If! the! pause! is! shorter! than! the! relaxation! time,! over-
potential! is! shifted! to! the! next! pulse! which! leads! to! an! error! if! not!
addressed.!Also,!if!the!investigated!battery!cell!ages!and!decreases!its!
capacity,!the!pulses!of!a!following!test!will!not!be!made!at!the!same!SOC.!
The!pulse!length!could!be!adjusted,!but!this!variation!could!make!the!
results! incomparable.! Last,! and! depending! on! the! employed! battery!
tester,!there!are!restrictions!regarding!the!accuracy!of!voltage!and!cur-

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

As!test!specimens,!26Ah!NMC!cells!of!A123!systems!were!analyzed.!
Voltage!limits!were!set!to!4.15!V!(100%!SOC!at!CC-CV!charging!till! <
1A)!and!2.75!V! (0%!SOC!at!CC-CV!discharging! till!> -1A).!The!PEC!
ACT0550!battery!tester!was!used!to!conduct!the!tests!and!measurements.!

Constant! ambient! temperatures! were! maintained! during! the! tests! by!
climate!chambers!and!an!air-conditioned!testing!room.!The!EIS!test!was!
conducted!with!the!Digatron!EIS-Meter.!

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

To!cope!with! the!problems!of!parameter!extraction,! the! following!
method!is!introduced:!Since!numerous!RC!elements!could!be!contained!
in!the!measured!voltage!response,!a!subsequent!approach!starting!at!the!
end!of!the!pause!part!is!suggested.!The!assumption!that!lies!behind!the!
procedure!is!that!at!the!end!of!the!relaxation!period!only!the!effect!of!the!
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)!RC!element!is!calculated!in!
a! larger! time! range,!which! is!extended! towards! the!beginning!of! the!
observed! voltage! relaxation.! This! is! repeated! until! the! "tting! range!
covers!the!full!relaxation!part!of!the!voltage!response,!after!a!current!
pulse,!and!to!the!point!where!only!the!constant!OCV!values!are!left!over!
(see!Fig.!3!b).!

Fig.!2!gives!an!overview!of!the!method.!First!all!necessary!parameters!
(dUfit 1,!dUfit 2! and!NRC max)!are!de"ned!by!the!user,!the!measured!data!is!
loaded!and! the!pulse!and!pause!parts!are!detected! (Fig.!2!P1).!For!a!
better!readability,!the!time!index!values! ª‰iŠªare!written!superscripted!
between!square!brackets!to!avoid!confusion!with!exponents.!Addition-

ally,! the! measured! values! t‰iŠ; I
‰iŠ

; U
‰iŠ

are! highlighted! with! a! macron!
accent.!

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

-! Pulse!and!relaxation!set!with!M ‡ 1!number!of!data!points!each!for!the!

time!of!the!measurement!t‰iŠ,!measured!cell!voltage!U
‰iŠ

,!and!current!

I
‰iŠ

:!!!

where! I
‰0Š

• 0! ,!
�
�
� I

‰1Š
�
�
� > 0! ,!

�
�
� I

‰N! 1Š
�
�
� > 0! ,! I

‰NŠ
• 0! ,! I

‰MŠ
• 0! and!�

�
� I

‰M‡ 1Š
�
�
� > 0.!!

-! Only!relaxation!subset!with!M-N ‡ 1!data!points!is!therefore:!!!!

T R#T PR!(T R! is!a!proper!subset!of!T PR).!
Then! the! "rst!pulse!and!pause!data!subset! is!de"ned! (Fig.!2! P2).!

Starting!at!the!end!of!the!pause!part!t‰MŠ,!the!voltage!values!are!scanned!
in!reverse!direction.!When!a!de"ned!voltage!difference! dUfit 1! between!

the!scanned!value!and!the!last!voltage!U
‰MŠ

is!exceeded,!this!point!U
‰K1Š

and!time! t‰K1Š is!noted.!Between!this!time!and!the!beginning!of!the!rest!

period! t‰NŠ a!certain!number! NRC max!of! time!sections!are!de"ned! that!
have!the!same!natural!logarithmic!distance!from!each!other!(see!Fig.!3!b)!
(P4!in!Fig.!2).!!

-! First!logarithmic!subset!( j ˆ 1)!for!the!optimization!(given!the!user-!

de"ned!parameter! dUfit 1)!and!de"nition!of! t‰K1Š

T Lj ˆ
�

t‰K1Š; t‰K1‡ 1Š; ¼ ; t‰M! 1Š; t‰MŠ	 ; T Lj #T R

for j ˆ 1  

where!t‰K1Šis!the!"rst!time-step,!going!backwards!from! t‰MŠ,!where!U
‰K1Š

!

U
‰MŠ

� dUfit 1!

- Further! ªjº logarithmic!subsets!for!"tting!based!on!a!natural! loga-

rithmic!distance!range!between! t‰NŠ and!t‰K1Š(given!the!user-de"ned!
parameter!NRC max)!

T R ˆ
n�

t‰NŠ; I
‰NŠ

; U
‰NŠ

�
;

�
t‰N‡ 1Š; I

‰N‡ 1Š
; U

‰N‡ 1Š
�

; ¼ ;
�

t‰M! 1Š; I
‰M! 1Š

; U
‰M! 1Š

�
;

�
t‰MŠ; I

‰MŠ
; U

‰MŠ
�o

T Lj ˆ

8
>><

>>:
t 2 T Lj 8t such!that

!
t ! t‰N! 1Š� �

!
t‰N‡ 1Š! t‰N! 1Š� :

�
t‰K1Š! t‰N! 1Š

t‰N‡ 1Š! t‰N! 1Š

�
�

j ! 1
NRCmax ! 1

� 9
>>=

>>;

for j ˆ 1; 2; 3; ¼ ; NRCmax"""

T PR ˆ
n�

t‰0Š; I
‰0Š

; U
‰0Š

�
;

�
t‰1Š; I

‰1Š
; U

‰1Š
�

; ¼ ;
�

t‰NŠ; I
‰NŠ

; U
‰NŠ

�
; ¼ ;

�
t‰M! 1Š; I

‰M! 1Š
; U

‰M! 1Š
�

;
�

t‰MŠ; I
‰MŠ

; U
‰MŠ

�o
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Fig.!2. Flowchart!of!the!proposed!parameterization!method ' s!work#ow.!!
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T Lj $T R 8 j!(all!T Lj! are!subsets!of!T R,!but!the!ªbiggestº subset!i.e.,!T LNRCmax!

is!equivalent!to! T R).!
The!variables! Kj! are!created!for!each!subset!j!and!are!assigned!the!

index!at!which!the!subset!T Lj! starts.!In!the!"rst!"tting!procedure!( Fig.!2!

P5)!the!open!circuit!voltage! U‰iŠ
OCV! and!voltage!of!the!"rst!RC!element!

U‰iŠ
RC1! are!calculated!for!the!whole!pulse!and!relaxation!part!( t‰NŠ to!t‰MŠ)!

but!the!least-square!algorithm!matches!the!voltage!only!to!the!rearmost!

relaxation!period!( t‰K1Š to! t‰MŠ).!Since!the!cell!voltage!U
‰iŠ

may!not!have!
completely! settled! till! the!end!of! the!pause!sequence,! the!actual!end!
voltage!UOCVe!respectively!the!OCV!is!also!"tted.!

The!OCV!is!calculated!as!follows:!!

U‰iŠ
OCV ˆ UOCVs‡ …UOCVe ! UOCVs †

X i! 1

pˆ 0
I

‰pŠ!
t‰p‡ 1Š ! t‰pŠ�

X M! 1

pˆ 0
I

‰pŠ!
t‰p‡ 1Š ! t‰pŠ�

for i ˆ 1; ¼ ; M ! 1; M

(1)!

For!the!"rst!pulse!in!the!measured!test!the!"rst!voltage!value!of!the!

section!U‰0Š
OCV!equals!the!OCV!at!the!start!UOCVs!.!For!the!following!pulses!

the!OCV!at!the!start!UOCVs!respectively!U‰0Š
OCV!corresponds!to!the!OCV!at!

the!end!of!the!previous!pulse!UOCVe!which!is!identi"ed!in!the!previous!"t!
(Fig.!2!P5).!

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

U‰0Š
RCnˆ URCn s (2)!

For! the! "rst! pulse,! the! initial! voltage! of! the! RC! element! URCn s! is!
considered!zero.!Similar!to!the!OCV,!in!the!following!pulse!data!subsets!
the! RC! element! starts! with! the! voltage! that! is! left! at! the! end! of! the!
previous!relaxation!period!( URCn‰MŠ is!passed!as!URCn‰0Š in!the!next!pulse!

"t).!For!a!time!limited,!reasonably!quick!characterization!with!relaxa-
tion!periods!around!2420!s,!the!cell ' s!voltage!will!not!have!fully!settled.!
Therefore,!it!is!important!to!carry!over!the!previous!charge.!The!voltage!
for!the!following!data!points!is!calculated!as!follows!( Eq!3).!

U‰iŠ
RCn ˆ Rn I

‰iŠ
!

�
Rn I

‰iŠ
! U‰i! 1Š

RCn

�
e

! …t‰iŠ ! t‰i! 1Š †
 n

for i ˆ 1; 2; ¼ ; M ! 1; M

(3)!

The!RC!element' s!voltage!is!always!calculated!over!the!whole!pulse!
and!pause!range!(t 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; !R1;  1†is!evaluated!only!for!the!end!of!the!relaxation!
period!( t 2 T L1 ).!

J…UOCVe; !R1;  1† ˆ
X

i

�
�
�U

‰iŠ
! U‰iŠ

OCV ! U‰iŠ
RC1

�
�
� (4)!

Accordingly!the!optimization!problem!is!( Eq!5):!

min
UOCVe; !R1;  1 2 R ; t 2 T L;1

…J…UOCVe; !R1;  1† † (5)!

Fitting!both!the!voltage!of!the!RC!element!and!the!OCV!is!naturally!
increasing!the!risk!of!an!error!such!as!"nding!a!local!instead!of!the!global!
optimum.!But!increasing!the!pause!time!would!signi"cantly!increase!the!
time!for!the!whole!test.!Therefore,!a!trade-off!between!the!two!aspects!
must!be!chosen!carefully.!

After!the!parameters!are!identi"ed!the!voltage!of!the!found!"rst!RC!
element! (n! ˆ 1)! is! subtracted! from! the!measured!values! (Fig.!2! P6),!
which!sets!the!basis!for!the!following!recursive!approximations.!

U‰iŠ
U! n

ˆ U
‰iŠ

!
Xn

pˆ 1

U‰iŠ
RCp (6)!

Next,!the!range!of!evaluated!values!is!extended!to!the!next!bigger!

logarithmic!section!( t‰Kj Š to!t‰MŠ).!If!at!the!beginning! t‰Kj Šof!that!enlarged!

Fig.!3. Display!of! the! "tting!procedure!exemplarily!
for! the! pulse! at! 78%! SOC,! 20! � C! and! 5.2A.! a)!
Measured!current!and!voltage!with!"tted!OCV,!added!
voltage!of!the!"rst!RC!element!"tting!and!"nal!model!
voltage! after! the! whole! identi"cation! for! one! data!
subset.! The! "rst! RC! element! is! "tted! in! the! range!

between!the!last!point!(! t‰MŠ,!U
‰MŠ

)!and!the!"rst!point!

from!the!end!that!exceeds!the!voltage!difference!(U
‰K1Š

± U
‰MŠ

> dUfit1).!b)!Subsequent!"tting!in!logarithmic!
time!sections!with!measured!voltage,!the!"nal!model!
voltage!and!the!iterations.!If!the!dotted!line!indicating!
the!different! logarithmic!sections! is!plotted! red,! the!
voltage!limit!(! dUfit2)!was!exceeded!at!that!time!and!
the! "tted! RC! element! was! subtracted! from! the!
measured!voltage!for!the!next!iteration.!!!
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range,! the! remaining!voltage!value! U
‰Kj Š

U! n!
is!at! least!a!certain!amount!

(dUfit 2)!higher!than!the!OCV!UOCVe,!the!next!recursive!"tting!procedure!is!
conducted!(ªYesº-path!of!D1!in! Fig.!2)!with!an!additional!RC!element!
(RC!element!n).!The!variable! Kn! is! introduced!and!obtains! the! index!
value! Kj! at!which!the!corresponding!sections!T Lj! starts!(therefore!n �

NRCmax).!
If!the!voltage!limit!( UOCVe!‡ dUfit 2)!is!not!reached,!there!is!no!sig-

ni"cant!overpotential!and!thus!no!electrochemical!effect!in!the!range!of!
that!time!domain.!The!computational!effort!is!saved!and!the!next!loga-
rithmic!window!is!analyzed!( ªNoº-path!of!D1!in! Fig.!2).!The!recursive!
procedure!(P6-8)!is!repeated!at!the!next!time!domain!and!so!on!till!all!
logarithmic!sections!have!been!handled! (ªYesº-path!of!D2! in! Fig.!2).!
Only!the!parameters!of!one!RC!element!(Rn;  n)!are!"tted!during!this!
loop!since!the!OCV!was!already!de"ned!by!the!"rst!"t.!The!resulting!
voltage!is!subtracted!from!the!measured!signal!again!with!the!previous!
RC!elements!following!equation!(6).!

J…Rn;  n† ˆ
X

i

�
�
�U‰iŠ

U!…n! 1†
! U‰iŠ

OCV ! U‰iŠ
RCn

�
�
� (7)!

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

min
Rn;  n 2 R ; t 2 T Lj

…J…Rn;  n †† (8)!

For!a!better!result,!the!cost!functions!(equations! (4)!and!(7 ))!can!be!
modi"ed!with!a!sigmoid!like!penalty!function!in!case!the!voltage!of!the!

RC!element!(U‰iŠ
RCn)!is!higher!than!the!voltage!remaining!in!the!overall!

time!range!(U‰iŠ

U!…n! 1†
).!This!prevents!that!an!overestimated!RC!element!

with!a!too!high!voltage!stripes!the!overpotential!to!which!the!following!
RC!elements!must!be!"tted.!But!this!is!a!sensitive!matter!and!the!mea-
surement!noise!has!to!be!carefully!considered.!

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

When!all!logarithmic!subsets!have!been!processed!(ªYesº-path!of!D1!
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‰N! 1Š to! t‰MŠ).!
Together!with!the!serial!resistor! Rs!the!previously!identi"ed!RC!element!
(lowest! time!constant)! is! re"tted!using! the! found!values!as!an! initial!
guesses!(P9!in!Fig.!2).!The!last!RC!parameter!values!are!revised!because!
the!instantaneous!overvoltage!of!the!serial!resistor!is!intermingled!with!
the!linear!voltage!increase!of!the!RC!element.!The!initial!value!for!the!
serial! resistor!Rs ini! is!calculated! form! the! instant!voltage!and!current!
change!by!Ohm' s!law!(Eq!9).!

Rs ini ˆ
U

‰N! 1Š
! U

‰NŠ

I
‰N! 1Š

! I
‰NŠ

(9)!

For!the!"rst!and!the!recursive!"tting!steps!(P5!and!P8!in! Fig.!2)!the!
initial!values! Rn ini! and!  n ini! are!calculated!from!the!measured!voltage!in!
the!style!of!the!analytical!calculating!approaches!(similar!to!Refs.![ 13,!
26,29,31]).!The!initial!value!for!the!time!constant!is!simply!assumed!as!

the!time!at!which!the!speci"c!logarithmic!optimization!range!starts! t‰KnŠ

relative!to!the!time!at!the!beginning!of!the!relaxation!period! t‰NŠ(Eq!10):!

 n ini ˆ t‰KnŠ! t‰NŠ (10)!

The!initial!value!for!the!resistor!is!calculated!in!three!steps.!First!the!
RC!element' s!maximum!voltage!(at!the!end!of!the!pulse!and!start!of!the!

pause!period)!is!calculated!from!the!overpotential!at!the!beginning! t‰KnŠ

of!the!subset!(Eq!11!and!Eq!12).!

URC1 maxˆ
U

‰K1Š
! !UOCVe

e! t‰K1Š! t‰NŠ

 1 !ini

ˆ
U

‰K1Š
! !UOCVe

e! 1
(11)!!

URCn max̂

U‰iŠ
U! n

! !UOCVe

e! t‰KnŠ! t‰NŠ

 n !ini

ˆ
U‰iŠ

U! n
! !UOCVe

e! 1
for !n ! > 1 (12)!!

URCn max! equates! the! maximum! voltage! of! the! RC! element! in! the!
measured!pulse!and!pause!data!set.!But!the!voltage!might!have!further!
increased! if! the! pulse! had! been! longer.! So! the! theoretical! maximum!
overvoltage!URCnmaxt! is!calculated!as!follows(Eq!13):!

URCnmaxt ˆ
URCn max

1 ! e! t‰NŠ! t‰0Š

 n !ini

(13)!

From!this!voltage!the!resistor ' s!value!can!be!calculated!by!Ohm' s!law!
with!the!average!current!value!of!the!applied!pulse!I pulse!(Eq!14!and!Eq!
15).!

Rn ini ˆ
URCnmaxt

Ipulse
(14)!!

with !Ipulseˆ
P N! 1

iˆ 1 I
‰iŠ

N ! 1
(15)!

The!initial!resistor!value!for!the!"rst!"t!is!calculated!similarly.!Since!
the!initial!value!guesses!are!calculated!from!the!actual!measurement,!the!
initial!guesses!are!already!close!to!the!ideal!parameters!and!no!user!input!
is!required.!

The! "rst! problem!mentioned! in! the! introduction,! the!dif"culty!of!
"nding!the!global!optimum!instead!of!just!a!local!optimum!is!mitigated!
since!only!one!RC!element! is!"tted!at!a! time!with!appropriate! initial!
values! that! are!analytically! derived! from! the!voltage! signal.!Another!
advantage!of!this!approach!is!that!by!splitting!and!"tting!the!voltage!in!
each!of!the!different!time!scales!subsequently,!every!section!is!weighted!
similarly!even!though!there!may!be!more!data!points!towards!the!end!of!
the!relaxation.!

After! all! the! values! are! identi"ed,! an! additional! optional! (D3! in!
Fig.!2)!re"t!with!all!parameters!at!once!can!be!made!(P10!in! Fig.!2).!
Since! the! arbitrary! logarithmic! ranges,! in! which! the! parameters! are!
generated!as!per!the!described!methodology,!limit!somehow!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-
ously!identi"ed!values!are!used!as!initial!values.!

J…UOCVe; Rs; R1;%1;¼ ; Rn;%n†ˆ
X

i

�
�
�U

‰iŠ
! U‰iŠ

OCV ! U‰iŠ
Rs

! U‰iŠ
RC1 ! ¼ ! U‰iŠ

RCn

�
�
�

for i ˆ N¼M

(16)!

The!pulse!part!is!excluded!again!from!the!re"tting!because!the!OCV!is!
not!known!between!two!pulses!(between!UOCVs!and!UOCVe).!It!is!linearly!
interpolated!(see!equation!(1))!but!that!does!not!match!the!actual!curved!
course.!If!it!would!be!included,!the!least!squares!optimizer!would!try!to!
reduce!this!deviation!and!thereby!alter!the!actual!RC!values.!Hence,!we!
assume!that!the!difference!between!the!modeled!and!measured!voltage!
during! the! pulse! section! can! be! attributed! to! the! error! of! the! linear!
interpolated!OCV!of!the!model!(see!Fig.!5).!

In!summary,!the!initial!values!and!order!of!the!model!is!matched!to!
the!test!data!for!each!pulse!with!no!user!input!required,!which!enables!a!
high! accuracy! and! adaptability! to! the! speci"c! cell! and! measurement!
precision.!The!few!new!"tting!parameters!can!be!easily!set!or!de"ned.!
The!number!of!time!sections!(NRC max)!has!to!be!equal!or!higher!than!the!
assumed! number! of! RC! elements.! Overestimating! this! value! is! quite!
tolerable!and!in!a!reasonable!range!even!recommended!since!a!new!RC!
element!is!only!added!if!the!voltage!limit!is!exceeded.!The!"rst!voltage!
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limit! dUfit 1! has!to!be!higher!than!the!measurement!noise!plus!a!small!but!
noticeable!voltage!amount!for!the!"rst!"t.!The!same!applies!to!the!sec-
ond!voltage!limit! dUfit 2! .!They!can!also!be!automatically!de"ned!by!a!
certain! fraction! ( Dfit 1,! Dfit 2)! of! the! overall! voltage! drop! during! the!

relaxation!( U
‰NŠ

! U
‰MŠ

).!To!make!sure!that!the!voltage!limit!does!not!
sink! below! a! reasonable! level,! a! minimum! can! be! de"ned! (dU fit 1min,!
dUfit 2min).!

dUfit1 ˆ
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>>>>>>:
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(17)!!

dUfit2 ˆ
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(18)!

When!a!model!with!a!consistent!number!of!RC!elements!is!needed,!

the!values!of!the!presented!"tting!approach!can!be!used!to!manually!or!
automatically!de"ne!reasonable!boundary!conditions!and!initial!values!
for!a!"nal!"tting!of!model!parameters.!

3. Results!

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

Since!the!parameters!of!a!battery!cell!are!not!known!and!should!be!
identi"ed!with!the!presented!method,!an!intermediate!step!for!its!veri-
"cation!was!introduced.!For!this!purpose,!a!mock!battery!model!with!
four!RC!elements!and!known!parameters!was!created.!The!voltage!was!
simulated!for!the!same!current!pulse!pro"le!as!in!the!experimental!tests.!
Then!the!algorithm!was!tested!with!this!synthetic!data.! Fig.!4!a!presents!
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.!2).!

The!proposed!method!works!well!for!the!time!constants!and!decent!
for!the!resistor!parameters.!For! the!low!resistance!values!of!R2! under!
30%!SOC!and!for!R1! at!around!30%!and!70%!SOC,!the!prediction!be-
comes!dif"cult.! To! further! test! the! robustness,! the! simulated! voltage!

Fig.!4. Overview!of!the!veri"cation!with!a!simulated!
voltage!signal.!a-d!identi"ed!values!for!RC!element ' s!
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!
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!voltage!in!the!upper!and!deviation!in!the!lower!
subplots.!The!RSME!during!the!pause!(right!subplots)!
amounts!to!0.3!mV.!f)!histogram!of!the!RMSE!for!the!
relaxation! part! of! all! identi"ed! pulses! with! voltage!
noise!at!the!different!steps!(b±d).!!!
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values!were!distorted!by!a!random!value!of! � 0.5!mV!(results!in!Fig.!4!b,!
c,!d).!

Due! to! the! added! noise! the! scattering! increases! also! for! the! time!
constants!and!more!than!the!actual!four!RC!elements!are!detected!(see!
Fig.!4!b).!

After!re"tting!(P10!in! Fig.!2),!the!values!in!Fig.!4!c!match!very!well,!
but! still! 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 ˆ 8)!to!"nd!the!four!prede"ned!RC!ele-
ments,!in!62.5%!of!the!individual!pulse!data!subsets!four!elements!were!

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).!

If!a!model!or!a!lookup!table!has!to!be!derived!from!the!values,!it!is!
very!unfavorable!to!have!different!numbers!of!RC!elements!or!a!non-!
uniform!assignment!of!RC!elements!to!certain!time!domain!ranges.!To!
get!a!consistent!model!the!average!values!after!re"tting!(see!eq.!(16))!
were!used!to!calculate!initial!and!boundary!values.!The!time!constant!
boundaries!were!set!to!values!in!between!the!predicted!curves!and!the!
resistance!boundary!values!between!a!maximum!value!and!one!close!to!

Fig.!5. Parameter!identi"cation!results!of!the!battery!
cell!pulse!tests!and!de"nition!of!boundary!conditions.!
a)! Time! constants! of! the! RC! elements! over! state! of!
charge! identi"ed! by! the! presented! approach.! For!
veri"cation,!on!the!right!side!with!shared!time!con-
stant!axis! the!histogram!of! the!values!between!40%!
and!60%!SOC!is!compared!to!the!DRT!result!(orange!
curve)!of!a!separate!EIS!measurement!(conducted!at!
50%! SOC)! with! good! agreement.! b)! Distribution! of!
the!resistance!values!over!the!time!constant!values!at!
different! temperature.! The! boundary! conditions! are!
marked! as! dotted! lines! and! the! initial! guesses! are!
marked!by!an! ªxº.!c)!Exemplary!"t!of!one!pulse!(at!
78%!SOC,!20!� C!and!5.2A)!with!the!pulse!part!on!the!
left!side!and!the!pause!part!on!the!right!side!and!the!
measured!and!"tted!voltage!in!the!top!and!the!error!
between!them!in!the!lower!sub"gures.!The!RMSE!of!
the! relaxation! part! was! around! 0.08! mV.! d)! Histo-
gram!of!the!RMSE!for!the!relaxation!part!of!all!iden-
ti"ed!pulses!(at!4!different!temperatures,!charge!and!
discharge!currents)!after!parameter!identi"cation!and!
re"tting! and! after! the! "nal! "tting! with! boundary!
conditions.!!!
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zero.!The!exact!numbers!are!documented!in!Table!1.!
With!these!values,!the!"nal!"t!with!a!uniform!numbers!of!RC!ele-

ments!was!conducted!(see!Fig.!4!d).!The!result!shows!an!almost!perfect!
identi"cation!of!the!values!from!the!voltage!response.!Comparing!the!
"tted!voltage!and!the!simulated!voltage!it!is!worth!mentioning!that!even!
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!to!almost!the!noise!minimum.!The!low!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!
clear!trend!can!be!derived.!

To! further! test! the! in#uence! of! the! proposed! "tting! parameters!
(dUfit 1,!dUfit 2!or!following!equations! (17)!and!(18 )!dUfit 1min,!dUfit 2min,!Dfit 1!

and!Dfit 22!as!well!as!NRCmax),!a!parameter!variation!was!performed.!The!
result!is!documented!in!Table!2.!For!more!logarithmic!sections!and!lower!
dU!limits!a!trend!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!initial!guess!values.!Even!if!the!maximum!number!
of!RC!elements!is!overestimated!by!three!times!(variation!1!in! 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!

The!veri"ed!procedure!is!now!applied!to!the!actual!test!results!of!a!
lithium-ion!cell.!In!the!following! Fig.!5!a,!the!result!of!the!re"tted!"rst!
parameter!extraction!is!presented!for!the!measurement!at!20!� C.!It!also!
shows!the!distribution!of!relaxation!times!(DRT)!calculated!from!an!EIS!
test!at!mid!SOC!as!a!means!of!validation.!A!histogram!of!the!RC!elements!
for!SOC!levels!between!40%!and!60%!is!plotted!in!the!same!chart.!In!
general,!there!is!a!good!correlation!between!the!time!constants!of!the!
pulse!test!and!the!DRT!peaks.!On!closer!inspection,!it!becomes!apparent!
that!the!highest!time!domain!RC!element!is!not!observable!in!the!DRT!
range.!

Comparing!the!results!of!the!tests!at!different!temperatures!in! Fig.!5!
b,! it! can!be!observed! that!as!expected! the!voltage!behavior!at! lower!
temperatures!leads!to!signi"cantly!higher!resistances!and!slightly!higher!
time!constants.!

Based!on!these!"rst!results!boundary!conditions!were!de"ned.!The!
initial!values!are!marked!with!a!cross!in! Fig.!5!b!and!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!in!Fig.!5!d.!It!shows!that!there!is!no!signi"cant!in-
crease!of!the!error!that!might!have!resulted!from!the!boundary!condi-
tions.!Only!very!few!additional!"ts!exceed!0.2!mV!at!low!state!of!charges!
probably!due!to!the!restriction!of!the!resistance!value!R 1.!

Being!able!to!achieve!a!very!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!
distinctive!or!that!the!ECM!is!broad.!

3.3. Battery!cell!model!result!

The! following! lookup! table!values! (curves! in! Fig.!6)!were!created!
from!the!"tted!values!(points!in! Fig.!6).!It!is!a!two!dimensional!lookup!
table! that! consists! of! one! percent! SOC! steps! and! the! four! examined!
temperatures.!A!coupled!thermal!model!is!not!in!the!scope!of!this!work.!
Instead,!the!values!of!the!temperature!sensor!from!the!test!were!used!to!
interpolate!the!model!parameters!accordingly.!The!current!over!the!time!
of!the!measurement!is!the!other!main!input!of!the!model.!With!these!
values!the!voltage!of!the!examined!cell!was!calculated!for!the!veri"ca-
tion!of!the!cell!model.!

3.4. Battery!cell!model!veri"cation!

First!of!all,! the!simulation! is!compared!to! the!pulse!test!to!simply!
control!the!simulation!model ' s!function.!The!upper!plot!in! Fig.!7!a!shows!
exemplarily!the!simulation!and!pulse!measurement!at!20! � C.!The!good!
accordance! with! the! experiment! ± also! for! the! other! temperatures! ± 
shows! that! the! model! is! functional.! At! around! 20! � C! the! root-mean-!
square!deviation!is!5.53!mV,!at!0! � C!it! 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!model!output!is!compared!to!a!separate,!impartial!test!to!
properly!validate!the!modelling!and!parametrization!approach!( Fig.!7!
b).!The!validation!pro"les!were!created!from!random!current!values!for!
a!random!amount!of!time.!After!a!capacity!step!of!around!2.8!A!h!a!pause!
of!600!s! is!made.!The! range!of! the! random!values! is!documented! in!
Table! 3.! 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!time!in!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!
charge!and!discharge!cycles!with!half!and!the!full!nominal!current!are!
part!of!the!validation!pro"le.!The!validation!pro"le!consists!of!79126!
data!points.!The!cell' s!voltage!was!logged!every!2!s!or!if!a!voltage!change!
higher!than!1!mV!occurred.!Hence!after!current!steps!the!time!intervals!
are!as!short!as!1!ms.!Therefore,!the!modelling!of!the!quick!processes!is!
also! important! for! the! validation.! The! result! of! the! simulation! and!
comparison!with!the!actual!cell!test!is!shown!in! Fig.!7!b.!

The!comparison!shows!a!decent!agreement!of! the!simulation!and!
experiment.!An!RMSE!of!37.6!mV!was!achieved.!With!an!overall!voltage!
range!from!2.75!to!4.15!V,!this!corresponds!to!a!normalized!root-mean-!
square! error! (NRMSE)! of! 2.57%.! But! especially! the! constant! current!
cycles!show!distinct!deviations.!This!can!not!only!be!seen!in!validation!
pro"le!but!also!in!the!pulse!test ' s!"rst!initial!full!cycles!(see! Fig.!7!a).!The!
logical!explanation!is!that!there!is!a!problem!with!the!voltage!of!the!"rst!
RC!element,!with!highest!time!constant.!In!the!characterization!pulse!

Table!1!
Table!boundary!conditions.!!!

RC1! RC2! RC3! RC4!

 max[s]!! 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 &]!! 0.2! 0.2! 0.2! 0.2!!

Table!2!
The!effect!of!the!introduced!"tting!parameters!on!the!resulting!accuracy!and!number!of!found!RC!elements!(RC!circuits!with!a!resistance!lower!than!0.2!m & were!
neglected).!!!

Fitting!parameter! Fitting!results!

dU"t1min! D"t1! dU"t2min! D"t2! NRC!max! é RMSE! < 4!RC! 4!RC! > 4!RC!

Reference! 1.8!mV! 30! 1.2!mV! 20! 8! 0.290!mV! 6.2%! 60.5%! 33.3%!
Variation!1! 1.2!mV! 60! 1.1!mV! 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%!!

M.!Bruch!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



�-�R�X�U�Q�D�O �R�I �3�R�Z�H�U �6�R�X�U�F�H�V ������ ������������ ������������

����

test,!it!is!just!minimally!charged,!while!in!the!full!charging!procedure!
signi"cantly!higher!charge!levels!and!accordingly!higher!voltages!are!
reached!(see!URC1!values! in!Fig.!7).!The!model!was!derived! from!the!
pulse!or!relaxation!sections.!The!high!overvoltages!during!full!charging!
and!discharging!have!not!been!part!of!the!parameterization.!This!is!very!
likely!a!case! in!which! the!used!ECM!is!reaching!a! limit! regarding! its!
universal!validity!or!transferability.!The!model!is!only!valid!for!the!low!
charge!levels!of!the!"rst!RC!element!that!were!analyzed!during!the!pulse!
tests.! Accordingly,! a! limit! for! the! "rst! RC! elements! is! introduced! to!
mitigate!that!problem.!The!voltage!of!the!"rst!RC!element!is!limited!to!its!

maximum!value!during!the!parameterization.!Therefore,!the!limit!can!be!
simply!calculated!from!the!RC!element ' s!parameter!and!the!current!Ipulse!

and!pulse!duration!tpulse!of!the!underlying!parameterization!test!( Eq!19).!

URC1 limit ˆ R1 Ipulse

0

@1 ! e
! tpulse

 1

1

A (19)!!

With!the!limits!in!place!the!simulation!becomes!considerably!more!ac-
curate!(see!Fig.!7).!Thus,!an!RMSE!of!33.2!mV!and!NRMSE!of!2.27%!

Fig.!6. Sum!of!all!obtained!values!necessary!for!the!cell!model.!In!the!upper!part!on!the!left!side!the!open!circuit!voltages!for!charging!and!discharging!are!plotted!for!
the!different!temperatures.!On!the!upper!right!side!the!serial!resistor!values!are!shown.!In!the!lower!diagrams!the!numbers!of!the!RC!elements!are!presented.!
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were!achieved.!Compared! to! the!previous!simulation! the!deviation! is!
38.11%!lower.!The!limit!therefore!leads!to!a!more!universal!model!with!
a!very!precise!accuracy! for!both! transient!and!steady!current!or! load!
pro"les.!Unfortunately,!the!overall!RMSE!is!strongly!in#uenced!by!the!
losses!at!the!fully!discharged!state!between!the!different!pro"le!sections.!
If!these!idle!parts,!that!are!not!often!experienced!in!an!actual!real!world!
application!due!to!safety!margins!anyhow,!are!neglected!and!the!error!
calculation!is!just!based!on!the!voltages!higher!than!3!V!a!RMSE!of!19.0!
mV!and!NRMSE!of!1.30%!were!achieved!for!the!validation!pro"le!(see!
Fig.!7).!

4. Discussion!

This!work!explicitly!shows!the!possibilities!and!limits!of!the!general!
equivalent!circuit!model!(serial!resistor!and!succession!of!RC!elements).!
Together!with! the!parameters!from!the!sequential!"tting,! it!allows!to!
represent!the!voltage!relaxation!after!a!pulse!almost!perfectly!(see!Fig.!5!
c! and! d).! But! the! found! solution! is! not! necessarily! unique.! Only! the!
multitude!of!individual,!scattered!results!along!the!state!of!charge!allows!
the!reduction!of!the!solution!set!to!certain!time!domains.!Encouragingly,!
the!identi"ed!time!domains!match!with!the!peaks!of!a!DRT!analysis!of!an!
EIS!measurement.!Therefore,!the!DRT!might!also!be!used!to!"nd!suitable!

initial! guess! values! and! boundary! conditions! for! pulse! "tting,! even!
though! the!EIS!measurement! is!not!suitable! for!slow!electrochemical!
effects!or!low!frequencies.!The!output!of!the!"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!still!quite!scattered,!only! for!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!a!cleaner!lookup!table!with!also!less!scat-
tering! of! the! resistor! values! but! would! likely! lead! to! slightly! higher!
"tting!errors!on!the!other!side.!

Gratifyingly,!the!shifts!in!the!trend!of!the!RC!elements!with!higher!
time!constants!(RC1,!RC2!and!RC3)!correspond!with!the!change!of!the!
OCV' s!slope!and!accordingly!with!the!phase!change!in!the!active!ma-
terial.!Most!clearly,!for!the!investigated!cell,!at!around!65%!SOC!there!is!
a!distinct!peak!in!the!OCV' s!derivative,!and!the!resistance!values!of!the!
"rst!RC!element!start!to!change!their!trend!and!decrease!shortly!before!
reaching! that!SOC!(see!Fig.!8).!At! this!SOC!a!change! in! the!graphite!
anode' s!intercalation!stage!can!be!assumed.!A!very!similar!trend!of!the!
resistance!was!measured!for!an!anode!in!Ref.![46]!which!indicates!that,!
also!in!the!investigated!cell,!the!diffusion!in!the!anode!is!dominating!the!
cell' s!resistance!behavior.!

Fig.!7. Simulation!of!the!pulse!test!at!20! � C!(a)!and!
veri"cation!pro"le!(b).!a)!The!test!of!the!simulation!
and!comparison!to!the!pulse!test!at!20! � C!shows!that!
the!model!is!functional!and!the!identi"ed!parameters!
are! reasonable.!Leaving!aside! the! "rst! constant!cur-
rent!charge!and!discharge,!there!is!an!RMSE!of!only!
5.53! mV! during! the! following! pulse! charging! and!
discharging.! b)! Simulation! of! the! battery! cell ' s!
voltage! and! comparison! with! the! measured! voltage!
during!the!validation!pro"le.!It!shows!an!approximate!
match!but!room!for!improvement!since!the!voltage!of!
the! "rst! RC! element! seems! overstated.! The! "nal!
outcome!of!the!voltage!simulation!with!a!limit!on!the!
"rst! RC! element! shows! just! a! minor! deviation! be-
tween! the! measurement! and! the! model.! An! overall!
RMSE!of!33.2!mV!and!without!the!idle!parts!between!
the!pro"les!(where!voltage!is!lower!than!3!V)!a!RMSE!
of!only!19.0!mV!is!achieved.!!!
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The! resistor! values! of! the! RC! elements!with! small! time! constants!
(RC4!to!RC7)!all!show!a!monotonously!decreasing!trend!over!the!SOC.!
They!also!show!a!strong!exponential!(Arrhenius!correlation)!increase!for!
lower!temperatures.!The!values!of!the!serial!resistors!are!almost!constant!
over!the!SOC!and!increase!with!lower!temperatures!which!matches!the!
expected! behavior.! All! this! hints! that! a! good! model! with! reasonable!
model!parameters!has!been!found!that!holds!an!actual!connection!to!the!
electrochemical!processes.!

On!the!downside,!the!problem!of!a!more!speci"cally!limited!validity!
of!the!ECM!became!apparent!in!this!work.!The!linear!in#uence!of!the!
current! rate! on! the! voltage! modeled! with! the! resistor! is! only! an!
approximation!of!the!actual!behavior.!The!splitting!of!the!determined!
values!for!each!of!the!four!current!rates!into!different!parallel!courses!in!
Fig.!6!indicates!that.!It!is!especially!visible!for!the!resistor!values!of!RC6!
and!RC7!at!0!� C.!Quick!effects!(small!time!constant)!are!likely!charge!
transfer!voltage!losses!that!have!a!nonlinear!correlation!between!current!

and!overvoltage!described!by!the!Butler±Volmer!equation.!
On!the!other!end,!the!slow!diffusion!processes!corresponding!to!high!

time! domain! RC! elements! do! not! match! the! actual! electrochemical!
process.!This!could!be!mitigated!by!a!charge!or!voltage!limit!of!the!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,!especially!for!constant!current!pro"les!that!were!not!observed!in!
the!parametrization!tests!and!therefore!not!part!of!the!empiric!basis.!

At!the!moment,!the!model!also!uses!linear!interpolation!between!the!
analyzed! temperatures.! In! reality! this! is!not! in! line!with! the!electro-
chemical!effects.!This!could! lead! to!additional!minor!errors.!A! three-!
dimensional! "tting! approach! for! the! lookup! tables! with! additional!
temperatures!or!a!better!way!of!interpolation!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.! A!
coupled!thermal!model!and!the!calculation!of!the!electric!parameters!
based!on!the!internal!temperature!of!the!cell!is!an!important!next!step,!
especially!at!low!temperatures!and!high!C-rates![20].!

5. Conclusions!

The!presented!subsequent!"tting!procedure!starting!with!the!end!of!
the!idle!part!omits!the!need!for!initial!guesses!and!reduces!the!risk!of!
"nding!a!local!instead!of!the!global!optimum.!The!veri"cation!with!the!
simulated!voltage!proves!that!the!algorithm!is!able!to!identify!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!a!battery!model!consisting!of!a!series!of!RC!elements,!the!relaxation!
after!a!pulse!could!be!"tted!almost!perfectly!with!only!a!minor!deviation!
of!around!0.08!mV.!Seven!RC!elements!were!identi"ed!with!time!con-
stants!ranging!from!10!ms!to!1500!Seconds.!The!time!constants!found!
are!similar!to!the!ones!found!by!DRT!analysis!from!an!EIS!test.!However,!
the!peak!at!the!highest!frequency!or!smallest!time!constant!in!the!DRT!
could!not!be!detected.!This!is!caused!by!the!limited!data!acquisition!rate.!
The! battery! tester! used! already!has! an!exceptionally! high! measuring!
speed!(every!one!or!2!ms)!but!a!further!increase!would!be!welcome!to!
identify! the!missing! time! constant! and! completely! supersede! the! EIS!
measurement.!Also!optional!logging!in!logarithmic!time!steps!should!be!
added!as!a!measurement!protocol.!The!pulse!"tting!is!already!favorable!
at! higher! time! constants! or! low! frequencies! that! are! not! properly!
measureable!with!EIS.!The!presented!approach!can!be!easily!integrated!
in! aging! studies! to! investigate! how! the! internal! resistance! and! its!
composition!develop.!It!may!reduce!the!necessity!to!conduct!EIS!tests.!
Still!the!missing!ability!to!detect!the!high!frequency!process!is!a!disad-
vantage!since!it!corresponds!to!the!SEI!(solid!electrolyte!interface)!and!
therefore!its!growth!during!the!cells!lifetime!which!would!be!of!partic-
ular!importance![ 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,!a!monitoring!process!that!takes!a!differentiated!look!at!
the!composition!of!the!internal!resistance!or!as!a!sub-model!for!novel!
methods!which!are!able!to!simulate!the!thermal!runaway![ 47].!It!may!
even!be!possible!to!implement!the!subsequent!parameter!calculation!for!
battery!models!running!on!battery!management!systems.!Currently,!long!
rest!periods!are!already!used!to!reset!the!SOC!value!based!on!the!OCV!
correlation.!For!example,!this!procedure!can!be!extended!to!include!the!
presented!ECM!parameter!identi"cation.!It!would!allow!to!monitor!the!
change!of!resistance!values!over!time!or!to!reset!the!SOC!value!more!
precisely,!also!based!on!resistance!values,!which!would!be!particularly!
interesting!for!cells!with!a!#at!OCV!(such!as!those!based!on!lithium!iron!
phosphate).!Apart!from!battery!management!applications,!the!grading!
procedures!at!the!end!of!the!cell!production!or!a!usability!estimation!of!
used!batteries!for! further!operation!or!quali"cation!in!second!life!ap-
plications!are!other!potential!industrial!use!cases.!

Fig.! 8. In! the! upper! sub"gure! a! the! OCV! and! OCV' s! slope! respectively! the!
differential!voltage!analysis!(DVA)!is!compared!to!the!values!of!the!"rst!resistor!
R1! plotted! in! the! following! subplot! b.! Subplot! c! on! the! other! hand! shows!
exemplarily!the!in#uence!of!the!charge!current!or!C-rate!on!the!resistance!of!R 7.!

Table!3!
The!characteristic!of!the!veri"cation!pro"le.!If!a!range!is!speci"ed,!a!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!A!(̂ 0.5C)! Full!charge!(4.15!V!and!< 1A)!
2! CC-CV!discharge! ! 13!A! Full!discharge!(2.70!V!and! > -1A)!
3! Charge! 0!A!to!50!A! 1sec.!to!100!s.!
4! 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!A!(̂ 1C)! Full!charge!to!4.15!V!and!< 1A!
8! CC-CV!discharge! ! 26!A! Full!discharge!to!2.70!V!and! > -1A!!
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The! fact! that! the! change! in! the! pattern! of! the! model! parameters!
correlates!with!the!phase!changes!of!the!battery!cell!indicates!that!the!
identi"ed! values! are! in! conformity! with! the! actual! physical! effects.!
However,! the! serial! RC! element! kinetic! of! an! ECM! coincides! only!
approximately!with!the!actual!electric!behavior.!With!a!voltage!limit!for!
the!RC!element!with!the!highest!time!domain!the!model!can!be!signif-
icantly!improved.!Finally,!a!battery!cell!model!with!only!a!minor!devi-
ation! of! only! 19.0! mV! or! 1.30%! compared! to! a! validation! pro"le! is!
presented.!

A!coupled!thermal!model!and!a!battery!model!with!a!closer!corre-
lation! to! the! actual! electrochemical! process! are! possible! further!
improvements.!
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Appendix!

In!addition!to!the!validation!pro"le!and!the!simulated!voltage!signal,!the!parameter!identi"cation!was!veri"ed!with!an!EIS!measurement.!To!
compare!the!results!the!distribution!of!relaxation!times!(DRT)!was!calculated.!This!makes!it!possible!to!show!that!the!frequency!or!time!constant!of!the!
peaks!in!the!DRT!curve!mostly!agree!with!the!identi"ed!time!constants!of!the!RC!elements!(see!Fig.!5).!The!other!way!round,!the!real!and!imaginary!
part!of!the!frequency!response!can!also!be!calculated!from!the!RC!element!parameter!and!DRT!values.!This!makes!it!possible!to!compare!the!EIS!test,!
identi"ed!ECM!values!and!DRT!calculation!in!a!Nyquist!plot.! Fig.!A1!shows!that!the!values!match!on!the!right!side!of!the!semicircle!and!the!diffusion!
branch,!in!other!words,!at!low!frequencies.!As!stated!in!the!conclusion!chapter,!the!presented!"tting!method!is!not!able!to!reliably!"nd!the!peak!at!the!
lowest!time!constant!or!highest!frequency.!Therefore!the!ECM!curve!does!not!cover!the!whole!semicircle!of!the!EIS!measurement.!Whereas!the!ECM!
values!are!able!to!show!the!slow!behavior!that!cannot!be!examined!with!the!EIS!measurement.

Fig.!A1. Comparison!of!the!EIS!measurement!with!the!calculated!values!of!the!DRT!and!ECM!values!of!the!pulse!"tting!result!(pulse!54,!at!51.2%!SOC,!19.6!� C,!5.2!A,!
Rs! 1.3! m&,! RRC[0.004405611,! 0.001418207,! 0.001927997,! 0.000449429,! 0.000104205,! 5.85E-05,! 0.000508398! ]! & and! %RC[1628.194085,! 236.9772098,!
67.1938256,!15.84893192,!1.9498446,!0.223597241,!0.012127872]!seconds)!in!a!Nyquist!plot.!
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