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ABSTRACT

Predictingthe time of full dischage of a finite-capacityenegy
source,suchasa battery is importantfor the designof portable
electronicsystemsand applications. In this paperwe presenta
novel analyticalmodel of a batterythat not only can be usedto
predictbatterylifetime, but alsocansene asa costfunctionfor op-
timization of the enegy usagein battery-paveredsystems. The
modelis physically justified, and involves only two parameters,
which areeasilyestimated The paperincludestheresultsof exten-
sive experimentakvaluationof themodelwith respecto numerical
simulationsof the electrochemicatell, aswell as measurements
takenon arealbattery Themodelwastestedusingconstantjnter-
rupted, periodic and non-periodicdischage profiles, which were
derived from standarcapplicationgun on a pocket computer
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1. INTRODUCTION

Electricalenegy in portablesystemds commonlysuppliedby
batteriesof finite capacity Oncethe batteryis fully dischaged
the systemcanno longerremainon-line; therefore it is important
to have a modelthat can accuratelypredict batterybehaior. A
systemdesignercanusesucha modelto constructtaskschedules
andselecttaskexecutionparameterssuchasthe operatingvoltage
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andthe clock frequeng, sothatthe batterylastsaslong aspossi-
ble. A detaileddiscussiorof battery-related@ssuesn thecontet of
portableelectronicsystemsanbefoundin [10, 14].

In this paperwe presentinanalyticalmodelthatallows for life-
time predictionsundertime-varying load conditions. To demon-
strateits quality, we compareour predictionswith measurecand
simulatedlifetime datausingapplicationsrun on the Itsy poclet
computer[15]. The simulatedbatteryusedin our study exhibits
strong nonlinearity and our model accuratelyaccountsfor these
effects, including chage recovery. The predictionsof our model
for batteriesvhich do not exhibit severenonlineareffectsareveri-
fied againstarealbattery

Recently therehasbeenanincreasednterestin batterymodel-
ing on the part of both batterydesignersand batteryusers. Both
simulation-basedpproachesnd analytical efforts have beenre-
ported. To study batteriesat the microscopicscale,one can per
form a numericalsimulationof partial differential equationsthat
describecomple physicalprocessetakingplaceinsideanelectro-
chemicalcell [4, 7]. Unfortunately suchsimulatorsareslow, and
consequentlyheir utility within a CAD framework is limited. On
the otherhand,macroscopienodelsattemptto capturethe battery
behaior characteristicait a high level of abstraction Researchers
have proposeda simulationmodelbasedon a PSPICEequivalent
circuit [8], a discrete-timevHDL specification[3], anda Markov
chain[11]. Eventhoughthesesimulation-basedchodelscanpredict
the batterylifetime for a givenload profile, they do not provide a
formal costmeasurahat canbe usedby systemor applicationde-
signersfor lifetime optimizationpurposes.Also, suchsimulators
mayrequirethe userto specifymary modelparametersyhich are
oftendifficult to obtain. Onthe otherhand,analyticalbatterymod-
elsprovide amathematicaéxpressiorrelatingload conditionsand
afew batteryparameterso theamountof deliveredenegy [5, 12].
Suchmodelsspell out key factorsaffecting batteryperformance,
and consequentlycan be emplo/ed as cost functions guiding a
battery-avare system/applicatiomptimizationprocess.However,
theseanalyticalmodelsareinherentlylessaccurateand lessgen-
eral thansimulationmodels: they are obtainedeitherempirically
or by consideringonly limiting cases.

Our modeloffersaccurag andgeneralityof a simulation-based
approachyet hasthe advantage<f an analyticalmodel. A com-
plex realbatteryis representeddy a simplerequivalentbattery and
a high-level analyticalexpressionis derived on the basisof low-
level analysis.Onepreviousmodelingattemptin this directionwas
reportedin [13]. In this paper we provide a nev modelwhich is
substantiallyimproved in termsof computationakcompleity, ac-
curay andusefulness.

2. MODEL DESCRIPTION

In general the batterylifetime canbe definedasthe time when
somequantity(measurablelirectly or indirectly) crosses thresh-
old value. Traditionally sucha quantity hasbeenthe voltageob-
sened acrossthe batteryterminals,sothatthe lifetime is thetime
whenthevoltagedropsbelow a cutof level. Otherquantitiessuch
aschage or enegy canalsobe used. The modeldescribechere
relatesthe batterylifetime to the time-varying load by accounting
for the changesn concentratiorof the electroactie speciesnside



the batteryasa function of the load. This modelis derived based
on simplificationsof complex phenomenawhich differentiatesour
approacHrom empiricalmodels.

We consideitwo mainprocesseselectrochemicaleactionatthe
electrodesurfaceandion diffusionin the electrolyte. We usethe
Faradayslaw to describehereactionbehaior, andwe assumehat
the diffusion procesds one-dimensionaih a finite-lengthregion.
The proposedatterymodelis ananalyticalsolutionof the system
of two diffusion equationsandthreeboundaryconditions(see[2]
for details):
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J(x,t) andC(x,t) aretheflux andtheconcentratiorof electroac-
tive speciesrespectrely, attimet andat distancex from the elec-
trode surface. D is the diffusion coeficient, v is the numberof
electronsinvolvedin a chemicalreaction,A is the electrodearea,
F is the Faradays constantw is thelengthof the diffusionregion,
andC* is theinitial concentratiovalueassumingequilibrium. The
batteryis consideredo be exhaustedat time t = L, whenC(0,t)
dropsbelov somecutoff valueCeyof -

Solving (1) involvesdirectandinverseLaplacetransformations
and manipulationsof a thetafunction. Details of derivationsare
beyondthe scopeof this paper Thefinal solutionis asfollows:

a=JEi(r) di+252, fri(r) e BP0 dr,
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where o = VFAW(C* — Ceyoff) and B= L\W@. @

The unit of a is coulomb (chage) andthat of 2 is second ™.
Intuitively, a is thebatterycapacityand is themeasuref battery
nonlinearity Notethata increasesasAw (i.e. the batterysize)in-
creasesAlso, B decreaseasD decreases,e. diffusionlimitations
worsen.A largervalueof (3 indicatesa betterbattery Indeed,if
is sufficiently large, the secondterm of the equation(2) becomes
negligible, andwe obtainthemodelof anideal power source.

Under constant-currendlischage, i(t) = I, the equation(2) re-
ducesto thefollowing form:
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For a generalcase we approximatethe time-varying dischage
currenti(t) by n-steppiece-wiseconstanfoad: Figure1l shavs an
exampleof suchan approximation.After substitutionof i(t) into
(2) andintegratingthe sumterm by term (the seriesis absolutely
corvergent),we obtain

a~ R g IkF (L.t 1,B), where
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Notethatty = 0 andt, = L. Forn= 1, (4) reducego the special
case(3). The magnitudeof the seriestermsin (3) diminish very
rapidly asm grows. As our experimentakresultsindicate,employ/-
ing only the first 10 termsalreadyyields quite accuratdifetime

predictions.

In comparisorto [13], the batterymodeldescribeddy the equa-
tion 4 is betterin termsof accurag andcomputationatompleity.
Unlike themodelin [13], it doesnotinvolve squareootsanddoes
not requirean approximationof the complementaryerror function
(see[13] for details). However, notethatthe bothmodelsproduce
thesameresultsnumerically

Parameter Estimation: Beforeonecanusetheproposeanodel,
the quantitiesa andf3 needto be estimatedrom profiling datafor
the modeledbattery Simple experimentswith constantdischage
ratesare suficient Therefore,one can utilize (3) for estimation
purposes.

Undera given constantioad, the batteryvoltagedropsfrom the
open-circuitvalueV, to somecutoff valueVgyof Overtime. Let

10ur calculationsnvolving 100000termshave resultedn negligi-
bleimprovementin accurag, while considerablysloving down the
lifetime computatiorprocess.

Load real load

approximation

L . . . Time

Figure 1: n-Step StaircaseApproximation of Variable Load.

the observedifetime be the time whenthe batteryvoltagereaches

Veuof £, andlet the predictedlifetime be the earliesttime instance

for which the equality (3) holds. Since(3) is hard to solve for

the unknawn L, we fit the load valuesl instead for a given setof
2

obseredlifetimes: | = a/[L+251% 1*[‘392[57;%]

Theobjectveis to find a and suchthatl matchesactualload
valuesascloselyaspossible. Thefit canbe obtainedusingleast-
squareestimation.

Lifetime Computation: Giventhe n-stepstaircasedescription
of the load profile, we wantto determinethe failing stepat which
the batterybecomesxhausted. Sincea profile may containrest
periods,early failuresmay be masled after recovery; therefore it
is necessario find theearliesffailing step.For suchstepu, lifetime
L € [tu,ty+1] is equalto theroot xg of thefollowing equation:

afzﬁ;(]jlk':(xvtkvtk-ﬁ-laB)7|UF(X7IU7X7 B) =0. (5)

For agivenstepunderconsiderationywe usethemodifiedsecant
methodto solve (5). Sincewe mustfind the earlieststepu, we
examineloadprofile steps{0, 1,...,u,...,n—2,n— 1} in increasing
order. Oncetheroot is detected,t is returnedas the estimated
lifetime L.

3. SIMULATED BATTERY

The quality of our modelis evaluatedwith respecto theresults
producedby the low-level simulatorDUALFOIL [4, 7]. DUAL-
FOIL numericallysimulatesa setof partial differential equations
governingthe behaior of arechageabldithium-ion cell. Over 50
parametersustbesuppliedin orderto specifya simulatedbattery
Studies[6, 1] have alreadydemonstratedhe high quality of DU-
ALFOIL by comparingsimulationandmeasuremenesults.Here,
we describeour simulationsettingsanddiscusssimilaritiesanddif-
ferencesbetweenour simulatedbatteryanda real batteryusedin
theltsy poclket computef15, 16].

3.1 Itsy Battery

Itsy is poweredby arechageable2.2\W-hourlithium-ion battery
with an open-circuitvoltage of 4.1V and nominal dischage rate
of 640mA. We usedthe resultsof five constant-loadxperiments
from [16]: the Itsy batterywasdischagedto 3.0V directly by an
electronidoadoperatingn aconstanturrentmode.Thedischage
rateswere setto 1C, 1.5C, 0.2C, 0.1C, and 0.05C, respectrely
calledT1*-T5*, whereC is 640mA.

ParameteestimationdbasedntestsT1*-T5* producen = 35220
andp = 0.637. Figure2 shavs thatour modelfits themeasurement
datavery well: the maximumerroris lessthan1%. However, this
resultcanbe somevhat misleading.Figure 2 alsoshaws thefit of
Peulert’s modela = | L° [9] andtheidealsourcemodelc =1L (i.e.
thedeliveredchageis proportionalto theloadf. Theidealsource
modelfitted the datawithin 16% errormagin, which suggestshat
the Itsy batterybehaior doesnot exhibit significantnonlinearef-
fects. Peulert’s law producedestimateswvith the maximumerror

2| isthecurrent,L is thelifetime, anda, b, c aremodelcoeficients.
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Figure 2: Predictedand Measured Lifetimes for ConstantLoads.

of 8%: it is betterthanthe ideal sourcemodel,but worsethanour
model. Sincethe Itsy batteryis relatively well-behaed, predict-
ing its lifetime within an acceptableerror mamgin is not difficult.
In otherwords, our modelis not exercisedin termsof how well
it canaccountfor nonlineareffects. The nonlinearcomponenif
our model (4) is the terminvolving B: if B is suficiently large,
the nonlinearterm becomesayligible. We wantto testour model
againsta batterywith low 3. Our simulatedbatteryprovidesthis
opportunity

3.2 DUALFOIL Battery

Givenover 50 default DUALFOIL settingswe adjusted30 sim-
ulation parametershasedon the datafrom [1]. (Our modifiedset-
tingsareomittedin this paperdueto the lack of space.)To obtain
lifetimes,we mustalsospecifythecutof voltage.To make aproper
choicewe usedifetime measurementer theltsy pocket computer
[15, 16], describecdhext.

From[15, 16], we selecteden caseof Itsy runningwith audio
outputenabled T1-T10) andtensimilar casesut with audioout-
put disabled(T11-T20). The lifetimes rangedfrom 2 hoursto 12
days,andthe averagebatterypover Payerge rangedfrom 8mw to
825mW To obtaincurrentconsumptiordata,we first assumedhat
thebatteryvoltagewasconstanandequalto Vayerage = 3.75V[15];

then,we divided the reportedPavergge bY Vaverge. Theseloadsare
summarizedn Tablel.

[ Test [ Name [ Description [ Taverage MA |
T1 MPEG video,206MHz 222.7
T2 Dictation speechnput, 206Hz 204.5
T3 Talkl speechoutput,206MHz 108.3
T4 Talk2 speeclhoutput,74MHz 107.5
T5 Talk3 speeclhoutput,74MHz (LV) 94.9
T6 WAV1 audio,206MHz 84.3
T7 WAV2 audio,59MHz 75.5
T8 Idlel operatingsystem206MHz 28.0
T9 Idle2 operatingsystem59MHz 19.5
T10 | SleepDC sleepwith adaughtercard 3.0
T11 | MPEG-AOD MPEG, audiooutputdisabled 188.3
T12 | Dictation-AOD | Dictation,audiooutputdisabled 203.7
T13 | Talkl-AOD Talk1, audiooutputdisabled 100.5
T14 | Talk2-AOD Talk2, audiooutputdisabled 100.0
T15 | Talk3-AOD Talk3, audiooutputdisabled 87.5
T16 | WAV1-AOD WAV 1, audiooutputdisabled 49.6
T17 | WAV2-AOD WAV2, audiooutputdisabled 41.3
T18 | Idle1-AOD Idle1, audiooutputdisabled 28.3
T19 | Idle2-AOD Idle2, audiooutputdisabled 19.7
T20 | Sleep-AOD sleepaudiooutputdisabled 2.0

Table 1: Description of Constant Loads for DUALFOIL.

Test | Description | Taverage MA || Test | Description | laverage MA
o - o -

T21 IAT 628.0 T27 DSD 234.1
T22 IAR 494.7 T28 TSD 137.9
T23 IST 425.6 T29 WSD 113.9
T24 ISR 292.3 T30 ISD 57.6
T25 IAD 265.6 T31 SSD 325
T26 MSD 252.3 T32 Boot 300.0

Table 2: DUALFOIL LoadsAssumingAdditional Peripherals.

For the simulatedbattery the open-circuitvoltageis Vo = 4.3V,
andwe setthe cutoff voltageto Vo1t = 3.2V. (Note thatthe av-
erageof Vo andVgyoif is 3.75V the sameas reportedin [15].)
The resultingDUALFOIL simulationdataand measurediataare
displayedin Figure 3, which alsoincludesthe lifetimes for tests
T1*-T5*. For the currentsrangingfrom 2mA to 200mA, the max-
imum lifetime errorwasonly 4%. Theseresultsindicatethat our
batterysimulationsettingsarerealistic. However, underhighloads
(testsT1* andT2*) thesimulatedbatterybehaesmuchworsethan
the Itsy battery suggestinghatthe DUALFOIL batteryis highly
nonlinear The simulatedbattery althoughinspiredby the Itsy bat-
tery, is not intendedto represenit, aswe know neitherchemical
nor mechanicastructureof thelatter.
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0 DUALFOIL battery

Lifetime, min
=
&
I

®
g

L L L L L L
100 200 300 400 500 600 700
Load, mA

Figure 3: Simulated (DUALFOIL) and Measured (Itsy) Lifetimes.

Thenext stepis to estimatehe parametersf ourmodelsothatit
canrepresenthesimulatedbattery We simulatedwelve additional
constantoadtestsassuminghatltsy hadadditionalperipheralsa

Microdrive hard disk and a WaveLAN wirelesscard [15]3. The
additionaltestsaresummarizedn Table2. Eachtestis described
by a 3-lettercode,exceptfor thelastone,Boot which corresponds
to rebootingltsy (it is assumedhatthe currentdravn in this case
is approximately300mA). The letterabbreviationsusedareasfol-
lows: (1) Itsy: | - Idlel,M - MPEG, D - Dictation, T - Talkl, W -
WAV1, S - SleepDC;(2) Micr odrive: S - standbyA - access(3)
WaveLAN: D - doze,R - receve, T - transmit.In the 3-lettercode,
thefirst, the second andthe third lettersindicatethe stateof Itsy,
the Microdrive, andthe WaveLAN, respectiely. For example |AT
(testT21) meanghatltsy is idle, the harddisk is beingaccessed,
andthewirelesscardis transmitting.

Giventhe batterysimulationsettingsandthe completesetof 32
constantoadtestsT1-T32,we obtaineda wide rangeof lifetimes:
from 1/2 hourto 300 hours. Basedon theseresults,the estimated
parameterfor ourmodelare:a = 40027andB = 0.276. Thelower
valuefor B meanghatthe simulatedbatteryexhibits strongemon-

3The power consumptionof the Microdrive is 66mW in standby
mode and 825mW while accessed. The WaveLAN consumes
45mWin thedozestate, 925mWin receptionmode,and1425mW
while transmitting.



linearity (thus,creatinga greaterchallengeor our model),thanthe
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Figure 4: Predictedand Simulated Lifetimes for Constant Loads.

Predictionaccurag of our modelwaswithin 10%. The model
fit is shawvn in Figure4. For comparisorpurposesfFigure4 also
displaysthefits dueto thePeulert'slaw andtheidealsourcemodel.
Onecanseethatneitherof thetwo couldadequateljhandlestrong
nonlinearity:the maximumerrorexceeded 00%.

4. VARIABLE LOAD SIMULATIONS

In this sectionwe describetwenty two variable-currenexperi-
mentsperformedwith the DUALFOIL simulatorandcomparethe
simulatedlifetimes with the estimatesbasedon our model. We
assumehatltsy is poweredby the DUALFOIL battery andwe in-
vestigatenow Itsy power profile variationsaffect lifetimes. Recall
thatfor the simulatedbatterya = 40027andf3 = 0.276. To high-
light the nonlinearityof the DUALFOIL battery we alsoprovide
predictionsfor thereal ltsy battery with o = 35220andp3 = 0.637.

In our experimentswe useloadswith coarse-grairtiming (0.1-
minutetiming scaleresolution).During eachstepk (seeFigurel),
the dischage currently is assumedo equalsomeaveragedcon-
stant. Note that specifyingtiming in fractionsof a minuteis spe-
cific only to theexperimentakesults notthe proposednodelitself:
ausercanuseary timescale.ln otherwords,timing granularityis a
users choice Lower timing granularityyields moreaccuratdoad
description. At the extreme,one may specify the batterycurrent
at eachclock cycle, if desired. Accordingto [10], however, tim-
ing scaleresolutionof lessthan1 seconds unnecessanAlso, the
batterylifetime is normally in the order of tensand hundredsof
minutes.Intensve computationsisingthe accurag of 1 secondo
predictthe batterylifetime of several hoursmay often be waste-
ful, sincebatteryparameterdluctuatedueto batterymanugctur
ing lot variations,dischage-rechage cycling effects,andtemper
aturechangesHere,we predictlifetimeswith theaccurag of 0.1
minute.

4.1 Averaging Battery Voltage

Before we presentour simulationresults,we addresghe issue
of batteryvoltageaveraging.Note thatour batterymodeldoesnot
involve batteryvoltages. A usermust specify the currentdravn
from thebatteryduringapplicationexecution.If thebatterycurrent
i(t) is not known, a usercanassumethe averagebatteryvoltage
Vaveragge, andlet i(t) = P(t)/(HWVaverae), Wherep is the efficiency
of the DC-DC corverterandP(t) is the power consumptiorof an
application.Is the assumptiorof the constantveragebatteryvolt-
ageacceptable®o answerthis questionwe usethe measurement
datafrom [16], presentedn Table3. Thefirst columnshaws dif-
ferenttypesof Itsy applicationsandthe secondcolumnshavs the
correspondingveragebatterypover Payerge, cOnsumedvhile the
Itsy batterywasableto maintainthe systemon-line. In thenext set
of experimentsthe batterywasdirectly connectedo anelectronic

‘ Name ‘ Paverage | Condant Power | Congant Currert ‘ Error ‘
mwW Lifetime, min Lifetime, min A%  Amin

MPEG 835 152.4 150.6 1.2 1.8
Dictation 767 167.4 168.0 0.4 0.6
Talkl 406 327.0 321.0 1.8 6.0
Talk2 403 330.6 324.0 2.0 6.6
Talk3 356 376.8 370.8 1.6 6.0
WAV1 316 421.8 415.8 1.4 6.0
WAV2 283 473.4 467.4 1.3 6.0
Idlel 105 1309.8 1284.0 2.0 25.8
Idle2 73 1888.8 1839.6 2.6 49.2

Table 3: Effect of Battery Voltage Averaging

Case [ Description

LoadValuesS, mA [ LoadTiming§, min |

CLl | IAT-Of-IAT (628.0,0,628.0) (0,19.5,26.0)
CZ | IAR-OM-AR (494.7,0,494.7) (0,31.0,41.3)
C3 | ISToff-IST (42560, 425.6) (0,41.0,54.6)
C4 | ISR-of-ISR (292.3,0,292.3) (0,74.6,99.5)
C5 | MPEG-0I-MPEG | (222.7.0,222.7) (0,105.7,140.9)
C6 | IAT-Of-IAT (628.0,0,628.0) {0,19.5,29.9)
C7 | IAT-OfIAT (628.0,0,628.0) (0,19.5,22.0)
C8 | IAT-OfIAT (628.0,0,628.0) (0,23.4,29.9)
C9 | IAT-OfIAT (628.0,0,628.0) (0,15.6,22.1)
C20 | [AR-AT® ([494.7,628.0T) (0. 1.0E)
C21 | [ARJAT-ISDI” | ([494.7,628.057.6F") | (10, 1.0,2.0E)
C22 | 50+5.0/min (5.0,10.0,15.0,..) (0,1.0,2.0,..)

Table 4: Interrupted, Periodic, and Linear Load Profiles.

load. In the first setof experimentsthe electronicload operated
in a constantpowver mode,andin the secondsetof experiments,
it operatedn a constantcurrentmode. The constantpower was
setto Paverge andthe constanturrentwassetto Paveraye/Vaverage:
whereVayerge Was3.75V. Thecorrespondindjfetimesarereported
in the third andfourth columns. Note that during constant-paer
dischage, the batteryvoltageis decreasingand thusthe battery
currentis increasing;on the other hand, during constant-current
dischagethebatteryvoltageis decreasingyut thebatterycurrentis
constantUnderour assumptiorof the constanbatteryvoltage the
constant-currerdischage andconstant-paer dischage shouldbe
equialent. Indeed,the lifetimesin the third and fourth columns
arevery close:therelative errordoesnot exceed3%. Theseresults
demonstratéhattheaccurayg lossdueto batteryvoltageaveraging
is oftenacceptable.

4.2 Variable-Load Lifetimes

Twenty two variableload testsare summarizedn Tables4 and
5. To specifyastaircasealescriptiorof theload profile,asshavn in
Figurel, weintroducetwo orderedsets:thesetof loadvalues§ =

ConsidercaseC1,for examplewith § = (6280, 0,6280) andS =
(0,19.5,26.0). This meansthatthe dischage currentis 628.0mA
in the intenals [0,19.5) and [26.0,), while thereis no load in
the interval [19.5,26.0). For periodicloads, we provide a single
specificationfor the first periodonly. The descriptionof this pe-
riod is enclosedn the squarebraclets. The superscripindicates
the numberof periods,andthe subscriptindicatesthe period du-
ration. In caseC19,S = ([75.5,94.9,2045,2227]19,2227) and
S = ([0,5.0,10.0,15.0]33,,2000). This meansthat the battery
was subjectto 10 periodsof length 20 minuteseach,beforethe
constantioad of 222.7mAwasapplied. Within a period, 75.5mA
wasdrawn for the first 5 minutes,94.9mA for the second5 min-
utes,204.5mAfor the next 5 minutes,and222.7mAfor thelast5
minutes.NotethatthelasttestC22is alinearloadincreasingrom
5mA by 5mA every minute.

Table 6 givessimulatedandpredictedlifetimes for the 22 vari-
able load testsperformed. Our model (with a = 40027andf3 =
0.276)wasaccuratavithin 5% errormaigins,with amaximumab-
soluteerror of lessthan4 minutes. Theseresultsdemonstratehat



Case [ Description

LoadValuesS, mA

LoadTiming §, min

C10 | BOOIAT-IAR-MSD-DSD-TSD-WSD-IAD (300.0,628.0,494.7,252.3,234.1,137.9,113.9,265.6) (0,05,5.5,10.5,35.5,60.5,85.5,110.5)

CI1 | Boot-WSD-TSD-DSD-MSD-IAR-IA-IAD (300.0,113.9,137.9,234.1,252.3,494.7,628.0,265.6) (0,05,25,5,50.5,75.5,,100.5,105.5,110.5)

CIZ | BOO-WSD-TSD-DSD-MSD-IAR-QFBOO-IAT-IAD | (300.0,113.9,137.9,234.1,252.3,494.7,0, 300.0,628.0,265.6) | (0,0.5,25.5,50.5,75.5,100.5,105.5,130.5,131.0,136.0)
C13 | BoOt-[IAT-IAR-MSD-DSD-TSD-WSDJ-IAD (300.0,[628.0,494.7,252.3,234.1,137.9,113.97, 265.6) (0,[0.5,1.5,2.5,75,12.5,17.5F,,, 110.5)

C14 | Boot-[WSD-TSD-DSD-MSD-IAR-IA]>-IAD (300.0,[113.9,137.9,234.1,252.3,494.7,628.0F, 265.6) (0,[0.5,5.5,10.5,15.5,20.5,21.58,,, 110.5)

C15 | MPEG-Dictation-BIKI-WAVI-MPEG (222.7,204.5,108.3,84.3,222.7) (0,50.0,100.0,150.0,200.0)

CI6 | WAVI-Talkl-Dictation-MPEG-MPEG (84.3,108.3,204 5,222.7,222.7) (0,50.0,100.0,150.0,200.0)

CI7 | WAVI-Talkil-Dictation-o-MPEG-MPEG (84.3,108.3,2045,0,222.7,222.7) (0,50.0,100.0,150.0,200.0,250.0)

C18 | [WAVI-Talki-Dictation-MPEGI’-MPEG ([84.3,108.3,204.5 222719, 222.7) ([0, 5.0,10.0,15.013,, 200.0)

C19 | [WAV2-Talk3-Dictation-MPEGI’-MPEG ([75.5,94.9,204.5 22279, 222.7) ([0, 5.0,10.0,15.0%2,, 200.0)

Table 5: Non-Periodic Load Profiles.

DUALFOIL Battery Itsy Battery
Case |[ Simulated Predicted Predicted
min min A%  Amin min
C1 36.4 36.2 0.5 0.2 55.0
Cc2 57.2 55.8 24 14 73.9
C3 74.2 71.8 3.2 2.4 88.8
C4 128.1 1249 25 3.2 137.8
C5 178.5 176.7 1.0 1.8 185.8
C6 415 41.0 1.2 0.5 58.9
C7 30.6 30.8 0.7 0.2 51.1
Cc8 37.0 37.4 1.1 0.4 55.0
Cc9 35.4 35.2 0.6 0.2 55.0
C10 135.2 1326 1.9 2.6 144.3
C11 108.8 107.4 13 14 144.3
C12 159.0 1554 23 3.6 169.3
C13 133.8 131.7 16 2.1 144.3
C14 132.9 129.7 24 3.2 1443
C15 207.6 209.2 0.8 1.6 211.4
C16 202.4 200.7 0.8 1.7 211.4
C17 253.8 2512 1.0 2.6 261.4
C18 204.6 2046 0.0 0.0 211.4
C19 209.4 208.7 0.3 0.7 216.4
C20 31.7 33.2 4.7 15 55.3
Cc21 55.9 55.9 0.0 0.0 79.6
C22 97.5 94.5 3.1 3.0 112.2

Table 6: Predictedand Simulated Lifetimes for Variable Loads.

our modelmatcheghe simulation-basedpproachn its generality
and accurag. In the last column of Table 6, we also shav pre-
dictedlifetimes for the Itsy battery computedby our modelwith

o = 35220andp = 0.637. Note thatthe entriesin the lastcolumn
(our predictionsfor the Itsy battery)andthe entriesin the second
columnandthethird columns(simulatedandpredictedifetimesof

the DUALFOIL battery)correspondo two differentbatteries.

4.3 Nonlinear Effects

Here,we outline severalinterestingphenomenabseredin our
variableload experimentswith the DUALFOIL battery We also
discussour predictionsfor the Itsy battery presentedn the last
columnof Table6.

Recovery effect. Let Lorigina denotethe lifetime of the origi-
nal profile with no load relaxationexercised. Assumethat a rest
period or an idle load of durationd is insertedinto the profile.
Let Lunaf feaed denotethe expectedifetime asif norecovery takes

place:Lynat feced = Loriginal + 8. Otherwisethelifetime L should
be greaterthan Lynaf feqed. The quantity %;‘n:“e" 100%is the
lifetime extensiondueto the recovery effect. Table7 reportsthis
datafor the DUALFOIL batteryundercasesC1-C9. Thefirst five
casesCl1, C2, C3, C4, and C5 are basedon the original constant
loadtestsT21,T22,T23,T24,andT1, respectiely. In eachcase,
thebatteryis dischagedatthe constantate, thentheloadis turned
off for awhile, andafterwardsdischagingis continuecatthesame
rate. Thestarttime anddurationd of therestperiodis 0.75Lgriginal
and0.25L griginal , respectiely. For example,in caseCl, Loriginal iS
equalto 26.0 minutes(the lifetime in T21); therefore the restpe-

— ideal fit
O our model
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Figure5: Predictedvs. Simulated Lifetimes for Variable Loads.

riod startedafter 19.5 minuteselapsedandlastedfor 6.5 minutes,
which resultedin the 15% lifetime improvement.In the next four
casexL6-C9,we usedC1l asa basis. In C6 (C7), the durationof
the restperiod wasincreaseddecreasedpy 0.15L original- In C8
(C9), the starttime of the rest period was increaseddecreased)
by 0.15Loriginar- Thesenine casesndicatethat (1) the greaterthe
load, the greaterthe recovery effect, (2) thelongerthe restperiod,
the greatertherecovery effect, and(3) the greaterthe depthof dis-
chage,thegreatettherecovery effect.

For heavy periodicloadssuchasC20,thebatterycandeliver ex-
trachage providedthatanidle loadis insertedwithin eachperiod.
In caseC20, the periodwas 2 minutes,andin caseC21, the pe-
riod wasextendedby 1 minuteto accommodatéheidle load. Note
thatthis idle modeinvokesnot only a delaypenaltybut alsoanen-
ey penaltybecauseahe systemis not off-line. Neverthelessjn
caseC21thebatteryservicedl8 full periods;while, in caseC20it
servicedonly 15 full periods.

For caseqC1, C2, C3, C4, C5), our modelfor the Itsy battery
predictsLoriginal = (48.5,63.6,75.1,109.8,1505) minutesfespec-
tively. Note that d = (6.5,10.3,13.6,24.9,35.2) minutes,yield-
ing Lynaf feaed = (55.0,73.9,88.7,1347,1857). By comparing
Lunaf feged 10 the correspondingentriesin the last columnof Ta-
ble 6, one canseethat predictedrecovery is nggligible. Also for
cases(C6, C7, C8, C9), with Lriginal = (48.5,485,485,485),
0= (10.4,2.6,6.5,6.5), andLynaf feqed = (589,511,55.0,55.0),
respectiely, our predictionsindicatethattherewill bennorecovery
obsered. (For verificationpurposesC1, C2,andC6 wereactually
testedon theltsy battery andindeedshaved negligible recoveries
of under1%, which confirmsour predictions.)For case<C20and
C21, our modelpredictsthe lifetimes of 55.3 minutes(27 full pe-
riods)and79.6minutes(26 full periods),respectiely. Sincethere
is norecoveryin C21,theenepgy penaltydueto theidle loadis not
compensatedyhich resultsin the slightly worselifetime thanin
caseC20. (Actual experiments€C20andC21shaved 29 and28 full
periodsrespectiely, for the ltsy battery).




Case [ Loriginal, MN_ Lunaf feded» Min | L, min | Recovery, % |

Cl 26.0 32.5 36.4 15.0
C2 41.3 51.6 57.2 13.6
C3 54.6 68.2 74.2 11.0
C4 99.5 124.4 128.1 3.7
C5 140.9 176.1 178.5 1.7
C6 26.0 36.4 41.5 19.6
C7 26.0 28.6 30.6 7.7
C8 26.0 325 37.0 17.3
C9 26.0 325 354 11.2

Table 7: DUALFOIL Battery Recovery under Interrupted Loads.

Heavy Loading: As casesC10-Cl4demonstratewhenthepro-
file containshigh-currentoads,differentprofile shapesnayresult
in significantlydifferentlifetimes. Notethatin thesecasesve se-
guencethe loadsin variousorders,without changingthe peakor
averagepower of theresultingprofile. The peakloadis 628.0mA.
Thefirst (Boot) andthelast(IAD) loadsarenot affectedby profile
changesn all of thecasesn question.

Case<C10andC11suggesthatit is beneficialto sequenca&on-
periodicloadsin non-increasing@rderof their currentconsumption
values.Thenon-increasin@rderingin C10(exceptfor thefirstand
thelastloads)forcedhigh-currenioadsto be servicedearly when
the batterywasrelatively “young”. As aresult,the batterylasted
for almost25 minutesafter the last load started. On the contrary
the non-decreasingrderingin C11led to afailure beforethe last
load couldstart.

Restperiodsare especiallyhelpful when the dischage profile
containshigh currents,ascaseC12 indicates. In C12, the failing
profile of C11wasinterruptedafter105.5minutesanda25-minute
long restperiodwasinserted. It wasfollowed by a 30-seconde-
boot, yielding a chage penalty of 150mA-min. The total delay
penaltywas25.5 minutes. Excludingthis delay the batterylasted
for 133.5minutes,which is a significantimprovementover 108.8
minutesin C11.

The last two casesC13 and C14 are periodic versionsof C10
and C11, respectrely. Sincehigh-currentand low-currentloads
becamedistributed acrossthe profile, the lifetimes were not very
different. One canobsenre that the batterylastedlongerin case
Cl4thanin caseC11, which suggestghat preemptingand loop-
ing might relieve the negative impactof the non-decreasindpad
ordering.

However, all of the above effectsare not predictedfor the Itsy
battery Note thatthe lifetimesin casesC10,C11,C13,andC14
arethe same,equalto 144.3minutes. In C12, the delay penalty
of 25.5minuteswould yield the lifetime of 169.8minutes,which
is slightly betterthan169.3minutespredictedby our model. This
mauginallossis dueto theenepgy penaltyof areboot.

Light Loading: CasesC15-C19are different permutationsof
light loads:thepeakcurrentis 222.7mA.Consequentlthe battery
lifetime doesnotsignificantlydependntheloadprofile shapeun-
like casesC10-C14.Indeed thelifetimesin C15andC16 arenot
very different,despitethe factthatin C15(C16)theloads,except
for the lastone,are scheduledn non-increasingnon-decreasing)
orderof their currentconsumptiorvalues. Also, while C18is the
periodicversionof C16,thereis no significantvariationin the bat-
tery time-to-failure. Eveninsertinga 50-minuterestperiodin case
C17doesnotyield adequatdifetime improvementsover caseC16.
Finally, notethatin C19is derived from C18 by replacingWAV1
andTalkl by WAV2 andTalk3, respectiely. AlthoughWAV2 and
Talk3 consumdesspower thanWAV1 and Talkl, the lifetimesin
caseL19andC18arealmostthesame.

Our predictionsfor the Itsy batteryproducethe samelifetimes
for casesC15, C16, and C18, as expected. The improvementin
C19over C18is only 2% (216.4 minutesvs 211.4minutes). In
caseC17, the 50-minutedelay dueto the insertedrest period di-
rectlytranslatednto the 50-minutedelayfor thetime-to-failure (no
recovery predicted).

Summary: It is clearthatthereal Itsy batteryandthe simulated
DUALFOIL batterybehae differently The formerexhibits much
wealer nonlinearitythanthelatter As aresult,the dependencof

theltsy batterybehaior onatiming characteristicsf aloadprofile
(e.g.insertionof off-line periods)is notasstrongasfor the caseof
thesimulatedbattery

TheDUALFOIL batterymayor maynotexistin reality. If sucha
batteryexists, thenour lifetime predictionsareof significantprac-
tical value. Otherwise,our resultsshouldbe treatedasa demon-
strationof the high quality of our modelwith respecto variations
in B —the parametequantifyingbatterynonlinearity

5. CONCLUSION

We describedan analyticalmodel of a genericbatteryfor use
in portablesystem/applicationlevelopment. The proposedmodel
wasthoroughlyevaluatedwith respecto the low-level numerical
simulator DUALFOIL for lithium-ion cells. Thirty-two constant
load testsandtwenty-two variableload testswere conductedvith
the DUALFOIL. Thesetestswereselectedo reflecttypical appli-
cationsrun on a pocket computer For the constantoads,predic-
tionswerewithin 10%error mamgin, andfor the variableloads,the
maximumerrorwaslessthan5%. For a subsebf thetestprofiles,
our modelwasalsoverified againsta real batteryusedin the Itsy
poclet computer
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