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Abstract—In this work, a modelfor battery behavior taking into account
the recovery effectis presented. The recovery capability of the battery is
representedas an exponentialfunction of both the state of charge and the
discharged capacity of the battery. Using the proposedmodel, the benefits
of the pulsedbattery dischargerelative to the constantdischargeare shown.

Then, we intr oducea new battery managementtechnique,that, exploit-
ing the traffic shapingalgorithm leaky bucket, allows usto optimize the gain
obtained from the pulsed discharge and maximize the capacity obtained
from the battery. Results presentingthe effect of the proposedsolution
on the systemperformance are presentedfor different packet arrival pro-
cesses.

|. INTRODUCTION

As portableequipmentgnjoy agreatdealof popularity ama-
jor challengsis to provide battery-pevereduserswith light and
reliablesystemsHowever, thisis atoughtasksinceadvancesn
batterytechnologyarequite slov comparedo the growing rate
of thewirelessmarket.

Our work aimsat extendingthe lifetime of the existing sys-
temsby introducinglow-cost battery managementechniques
ratherthan developing a new battery design. We considera
portablecommunicatiorsystenwhere exploiting theburstyna-
ture of traffic sourcesa pulseddischage of the batteryis per
formed.

Severalworks[1], [2], [3], [4], [5], [6], [7] show thatabattery
pulseddischage may significantly outperforma constantcur-
rentdischage. Whencurrentis drainedfrom a cell*, active ma-
terialsareconsumedtthe electrode/electrolytmterfaceby the
electrochemicaleactionsandreplacedy theactive specieghat
movefromtheelectrolytesolutionto theelectrodedueto thedif-
fusion mechanisnj8]. As theintensityof thecurrentdrawn off
the cell increasesthe depletionof active materialsat the elec-
trode/electrolytanterfacebecomessignificantand the stateof
chage of the electrodedecreasesDue to thesephenomendhe
cell is completelydischagedbeforeits theoreticalcapacityis
exhausted.However, if impulsesof currentare followed by a
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LA cell is the basicelectrochemicagnegy storagedevice. In this paper the
wordscell andbattery areusedin aninterchangeableay.

resttime period,thecell is ableto recoverits chageduringthe
idle timethanksto thediffusionmechanismandthetotal capac-
ity deliveredby thecell greatlyincrease$l]. Moreover, in cells
characterizedby a low conductvity, e.g.,lithium-polymerand
zinc-aircells,a pulseddischageallows a muchhigherpowerto

be drawn off thecell [1]. For thesereasongecovery comesup

asakey issuein batterydischage.

In [9] the authorssummarizedhe behaior of an electro-
chemicalcell and presentedca model for the battery behavior
assuminghatthe recovery probability remainsconstanduring
thedischageprocess.

In this paper we develop a moreaccuratemodelof the cell
behaior. The recovery effect is representecs an exponen-
tial functionthatdecreaseasthe dischagedcapacityincreases
andthe stateof chage decreasesThe improvementgesulting
from a pulsedcurrentdischage, relative to a constantcurrent
dischage, are measuredy computingthe averagenumberof
paclets transmittedunderboth the operationalconditionsand
undervarioustraffic arrival processes.

Then,to maximizethedeliveredbatterycapacityfor arny kind
of cellandarrival processwe applyto thecell dischagethewell
known traffic shapingalgorithm,calledleaky bucket [10]. Using
smartbatterypackage§l 1], thestateof chaigeof thebatterycan
be monitored. Whenever the cell stateof chage dropsbelov
a certainthreshold,we let the batteryrestby interruptingthe
pacletstransmissiorattheterminaluser Theproposedolution
forcesalow ratepulseddischageandguaranteethatthebattery
haschancdo recover;in thisway, thewholetheoreticatapacity
of thecell canbeexploited.

Theimpactof theproposedlischagetechniqueonthe paclet
delay and throughputis studiedin the presenceof different
pacletarrival processes.

Il. PERFORMANCE OF CELLS UNDER PULSED DISCHARGE

In this section,we analyzethe stochasticevolution of a cell
from the fully chagedto the completelydischagedstate.Dis-
chagesoccurat stochastiénstantsdeterminedy thetraffic ar
rival processandrecovery may occurwheneer thereis no dis-



chage.

To carry out our analysis, the following assumptionsare
made:
i) A single cell of the batterysystemis consideredhowever,
the resultscan be easily extendedto the caseof several cells
connectedn seriesor in parallel;
ii) A discretetime systemwith time unit equalto oneslotdura-
tion is considered,;
iii) Forthe sale of simplicity the backgrounccurrent,i.e., the
valueof currentthatmustbe constantlysuppliedto the portable
equipmen{l], is neglected;only theamountof capacityneces-
saryto transmita paclket is considerecanddefinedasa charge
unit;
iv) Eachfully chagedcell hasatheoreticatapacityequalto 7',
andaninitial stateof chageequalto N charge units. Both N
andT aretakenasvariableparameters;
V) Therecovery effectis representedsa decreasingxponen-
tial function of the cell stateof chageanddischagedcapacity
Suchamodelwasusedin [12], wherethe behaior of the state
of chage of lead-acidcellswasstudied.We definethreerecor-
eryvalues;y, 72, 73, suchthatwhile thecell is dischaged,the
slopeof the exponentiafunctionrangesoverthesevalues.This
approactallows a moreaccuratenodelof therealcell behavior
[13];
vi) A multiple pulsed discharge is consideredat eachtime slot
i chageunitsarelostif ¢ paclketsarrive andhave to betransmit-
ted,otherwisethebatterymayrecoveronechageunit or remain
in the samestate.However, therecovery procesendsoncethe
theoreticakapacityis exhausted.

A. Multiple pulsed discharge

Thecell behavior is modeledasatransienfprocesghatstarts
from the stateof full chage(V = V,¢), denotecby N, andter-
minatesvhenthestate) (correspondingo acompletedischage

of the cell) is reachedpr the theoreticalcapacityis exhausted.

We assumehat, dueto the limited theoreticalcapacityof the
cell, atmostT pacletscanbetransmitted.

We considerarrivals of burstsof packetsanddefinea; asthe
probabilitythata burstof ¢ pacletsarrivesin onetime slot, and
ag=1-— Z;’il a;. Thus,in eachtime slot the cell hasproba-
bility a; to move from statez to z — i, with 0 < z < N, where
the positionscorrespondingo z — ¢ < 0 addto the probability
to moveto 0.

As alreadymentionedtherecovery probabilityis modeledas
an exponentialfunction of the stateof chage and of the dis-
chagedcapacityof the cell. Therecovery probability at statej
afterk pacletshave beentransmitteds asfollows

( aoe—aN(N—j)—ac(k)

j=1,... N-1
() k=0,...,fyl ()
pi(k) =< 1
! age—an (v =)=ac (k).
j=1,... N -1
\ Ye <k <Yeq1;,¢51,2,3

wherey,=T', anday anda. areparameterthatdependonthe
recovery capabilityof the battery In particular we assumehat
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Fig. 2. Behavior of ac for 7=100and200.

ay isaconstantwhereasy, is apiecaviseconstanfunctionof
thenumberof pacletsalreadytransmittedthatchangesaluein
correspondenceith «. (c=1, 2, 3). The probability to remain
in the samestateof chageis

rj(k) = ao — p;(k)
ry(k) =ao - 2)
Fig. 1 shows a graphicalrepresentationf the process.Notice
thatin [9] p;(k) andr;(k) wereassumedo be constantyy, k
sinceit wasnon consideredhe dependencen the cell stateof
chageanddischagedcapacity

Let usdenoteby m,, the averagenumberof paclet transmis-
sionsmadeduring the dischage processstartingfrom stateNV.
Theratio of the meannumberof transmittedoacletsto the the-
oreticalcapacityis taken asa measuref the cell performance.
In caseof pulseddischage,we have
mp

T

wherem,, canbe computedrom the Markov modelpresented
in Fig. 1.

Moreover, we assuméhatthechageunitsdrainedfrom acell
undera constantischagecanbefully utilizedby accumulating
chagein acapacitowheneerit needsThus,thegainobtained
underconstanturrentdischage,resultsas

N

GFT. (4)

Noticethat: G, < G, < 1. Pulseddischage outperformsthe
constanturrentdischageto theextentthatG, approaches.

Gp = (3)

B. Results

Resultsshaving the benefitof the batterypulseddischage
werealreadypresentedh [9] undertheassumptionsf constant
recovery probability and cell dischage driven by Bernoulli ar-
rivals. Here,thecell performancearederivedby simulatingthe
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Fig. 3. Gp vs. g in caseof Bernoulliarrivals. 7'=100,200, N anday varying.
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Fig. 4. Gp vs. g in caseof Poissorarrivals. 7=100,200, N andax varying.

Markov chainshown in Fig. 1 driven by differentarrival pro-
cesses.

We considerthat the value of the thresholdsy. (c=1, 2, 3)
andthe valuestaken by a. dependon T' (seeFig. 2). These
parameterarechosersuchthatthe behaior of the cell stateof
chageduringthedischageprocesgpresentsa realisticprofile.

First,letsusassume Bernoulliarrival processvith probabil-
ity a;=q thatonepacletarrivesin atimeslotanday = 1 — a; .
Fig. 3 shavs G, versus; for T' equalto 100and200,asay and
N vary. As expectedgiven N (namelyN=25, 50) the perfor
manceimprovesastherecovery capabilityof thecell increases,
i.e.,ay decreasedn addition,for afixeda,, smallervaluesof
G, areobtainedasthegapbetweerll’ and N becomedarger.

More interestingly Fig. 3 shaws that for ary ay, G, ap-
proachests lowestvalue asg increasesno matterwhat N is
used. This finding revealsthat traffic shapingmay be a more
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Fig. 5. Markov chainrepresentinghecell dischagedrivenby Bernoulliarrivals
whentheleaky buckettechniques implemented.

significantdeterminandf batterylife than vV, theinitial chage
storedin the cell, and ay, the recovery capability coeficient.
Whenwe dealwith amoreburstytraffic, viz., thePoissorarrival
processhighervaluesof G, are obtainedas shown in Fig. 4.
Here,we assume Poissorarrival processwith rateequalto g,
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wherethetime slot durationhasbeentakenequalto 1.

I1l. LEAKY BUCKET TECHNIQUE APPLIED TO CELL
DISCHARGE

We now applyto thecell dischagetheleaky bucket technique
[10] in orderto obtainG, equalto 1 for ary valueof IV, a, and
traffic load. Our ideais to interruptthe drainedcurrentandlet
thecell recorer wheneverthe cell stateof chage dropsbelon a
certainthreshold.n this way, the maximumnumberof paclets,
correspondingdo the valueof the theoreticalcapacity could be
moreclearlyapproached.

Let us denotethe stateof chage chosenasthresholdby B.
Then,thequantityM = N — B correspondso the sizeof the
token buffer in the leaky bucket algorithm. Wheneer the cell
reachestateB, the paclettransmissions stoppedandpaclets
arriving atthe systemarequeuedn adatabuffer. We denotethe
databuffer sizeby L andassumehat L is largeenoughto guar
anteeapacletlossprobabilityequalto zero.As soonasarecor-
ery takes place,the cell gainsa chage unit; then,if the queue
is not empty a pacletis transmitted.Thus,whene&er thereare
gueuedpaclets,the cell chage canbe at mostequalto B + 1.
We considerasstatevariablesthe sumof the numberof tokens
(i.e., the chage units availablein the cell) and the numberof
gueuedpaclets[10]. The modifiedMarkov chainrepresenting
thecell dischageis shavnin Fig. 5in caseof Bernoulliarrivals.
For k=0, ..., T wehave

rs(k)ag .

0= D+ T p) )
~ _ pB(k)(l() . * _ pB(k)al

pB(k) - pB(k) +T5(k‘) ) pB(k) - pB(k) +7‘B(k)
ren(k) = ra(k) ; pe(k) = Pn (k)

pe(k) + 75 (k)
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Fig. 6. Bernoulli arrivals: Cell performanceas function of ¢ for ax=0.05,
T=100,and M varying.

Resultsare derived by simulationin termsof throughput,
meanpaclet delay conditionedto being actually transmitted,
andaveragenumberof thequeuedpacletsthatwill notbetrans-
mitted. Resultsshav thatby properlyselectingl/, performance
canbeoptimizedasthecharacteristiparametersf thecell and
thepacletarrival processhange.

Plots obtainedin caseof Bernoulli arrivals and 7=100 are
presentedh Figs.6 and7 asa,y andM vary. FromFig. 6 it can
beseerthatfor a,y=0.05betterresultsareobtainedor low val-
uesof M, while Fig. 7 shavsthatfor smallervaluesof ay, per
formanceimprovesas M increasesindeedwhena, assumes
significantvaluestherecoveryprobabilitygreatlyreducessthe
cell statusof chagedecreaseghus,if thethresholdM is taken
closeto N therecovery is morelikely to occur From Figs. 6
and7 it canbe alsoseenthatfor boththe valuesof o, andfor
ary valueof M, the averagepaclet delayincreasesvhenhigh
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Fig. 7. Bernoulli arrivals: Cell performanceas function of g for ax=0.001,
T=100,and M varying.

valuesof the meanpaclet arrival rate are considered.In fact,
in orderto let the batteryrecover properly the delayintroduced
betweerthe arrival of a pacletandthetime instantof its trans-
missionhasto begreater Moreover, whenhighvaluesof M are
consideredthe throughputdecreaseasq accrues.Thisis due
to the factthatas soonasthe dischage processstarts,the cell
statusof chage quickly reacheghethresholdB. At this point,
therecoveryprobabilityis low andthetime to wait beforebeing
ableto resumehe paclettransmissiotbecomedarge;thus,the
time period neededo drain from the batterythe total number
of availablechage unitsincreasesAs expectedfrom whatwe
obsenedbefore the deggradationof the throughputis moreevi-
dentfor greatervaluesof a, . Finally, it is intuitively clearthat
theaveragenumberof queuedacletsgrows asthemeanpaclet
arrival rateandthedischageprocesglurationincrease.
Similar curvesareobtainedn caseof Poissorarrivals. Fig. 8
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Fig. 8. Poissonarrivals: Cell performanceas function of ¢ for ax=0.001,
T=100,and M varying.

shaws resultsfor a,=0.001andT equalto 100. Resultsim-
prove as M increaseshowever, it mustbe M < N andlarger
valuesof M imply greatevaluesof theinitial chage N. Com-
paring Fig. 7 to Fig. 8, it canbe seenthat for large valuesof
M (namely: 20, 30) the cell performancamprovesin caseof
Poissorarrivalssincethearrival processs morebursty Indeed,
for a given value of the averagepaclet arrival rate, a greater
burstinessallows the cell to benefitof alongerresttime period
betweentwo successie arrivalsandthe diffusionmechanisnis
betterexploited.

IV. CONCLUSIONS

The papermpresenteé modelof thesinglecell takinginto ac-
countthe recovery effect. Resultsderived usingthe proposed
modelshaw the actualbenefitsof the pulseddischage. Then,
the leaky bucket techniquewas appliedto the dischage pro-

cesdo take themostof the benefitderiving from thecell recor-
ery. The deliveredbatterycapacitywas maximizedat the cost
of introducinga delayin the packettransmissionlt wasshavn
thatthe systemperformancecanbe optimizedby selectingthe
propersizefor the token bucket accordingto the cell recovery
characteristics.
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