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Improving Battery Performance by Using Traffic
Shaping Techniques

Carla-Fabiana ChiasserjiMlember, IEEEand Ramesh R. Ra&enior Member, IEEE

Abstract—We present a new approach to minimizing of energy and [6]. The approach presented here differs from the previous
consumption by addressing battery management techniques that work on energy management[1], [3]-[7] in that the goal is to un-
exploit the charge recovery effect inherent to many secondary gersiand the intrinsic behavior of batteries and then use this un-
storage batteries. We review results that pertain to the capacity derstanding to develop new enerav efficient protocols. The qoal
of a battery and its dependence on the intensity of the discharge ' ) g P gy P > 9
current. The phenomena of Charge recovery that takes p|ace is to increase the amount of energy that can be drained from a
under bursty or pulsed discharge conditions is identified as a battery, the so-calledelivered energyin this way, the run-time
mechanism that can be exploited to enhance the capacity of a of wireless terminals can be extended.
battery. The bursty nature of many data traffic sources suggests Typically power is drawn off a battery using a constant

that data transmissions may provide natural opportunities for t disch h if Ised t disch .
charge recovery. We explore stochastic models to track charge current discharge, however, 1 a pulsed current discharge 1S

recovery in conjunction with bursty discharge processes. Using adopted, significant improvements in delivered energy seem
the postulated model, we identify the improvement to battery possible [8]-[13]. In particular, the time period that elapses

capacity that results from pulsed discharge driven by bursty from when the battery is fully charged to when it is considered
stochastic disch_arge demand._The insig_ht from this analysis leads discharged can be significantly extended by draining power for
us to propose discharge shaping techniques that trade-off energy short time intervals followed by idle periods. During the idle
efficiency with delay. 8 Sl : -
periods, also called thelaxationtime, the battery can partially

recover the charge lost while delivering the current impulse;
this phenomenon is calledcovery effect

In this paper, we develop a model for battery behavior that
|. INTRODUCTION captures the dynamics of the recovery effect and studies the

ORTABLE DEVICES MUST often rely on battery energyaCtgilf gai”t g'_e“"hEd “”‘éer StoghaS“C p“'SEdTgiSCh;rged.i”dﬁced
to conduct communications. Display, hard disk, logic, al ierent dischargé demand processes. Then, the discharge

memory are the device components with the greatest impt& cessis tz?fl_lo_red th:cotL;]ghbat?hamSg_techmqutebtottmaxm|zke
on power consumption; however, when a wireless interface energy efliciency of the battery. Using smart battery pack-

added to a portable system, power consumption increases si ARES [14], the state of charge of the battery can be_ monitored.
icantly. As an example, consider SmartBadge [1], a smart ca enever the battery state of charge drops to a certain threshold,

that can be integrated in computing systems, mobile phoneswoer let the battery rest by interrupting the discharge process at

personal digital assistance devices; the power consumptionﬂ?ﬁ terminal user. The proposed solution forces a low rate pulsed

the RF link, display, and memory in active state is equal to 4305:{)|,scharge and guarantees that the battery has chance to recover;

28%, and 15% of the total power consumption, respectively. 1 this_way, the battery performance is dr_ama.t ically enhanced.
the case of a wireless local area network (WLAN) card, powgye pomt'out that.the approach presented in this paper can apply
consumption is equal to 1.65 W in transmission mode, equaltfb any kind of discharge process that takes place in portable

1.4W in reception mode and equal to 0.045 W in doze moder%weless devices, provided discharge demand is delay tolerant.
It is obvious that batteries with features such as a long lifeti n example of possible application is best-effort data transmis-

a light weight, and a small size are highly desirable in portab?éonS; indeed, the bursty nature of many data traffic sources sug-
wireless devices. For these reasons, energy consumption

5ts that data transmissions may provide natural opportunities
agement has become a critical issue in communication systemsff)(plo't the battery recovery effect.
Various MAC protocols [3] and schemes for power manage-

he remainder of the paper is organized as follows. Section Il
ment control during transmissions [4], [5] have been propos)ﬁbscusses the most relevant characteristics of the battery be-
in the literature to conserve as much energy as possible, w

%vior; Section Il presents an analytical model of the battery
dynamic power management policies have been proposed infféfl

Index Terms—Energy consumption, traffic management, wire-
less communications.

formance under pulsed current discharge and shows some
ults; Section IV presents the battery performance when a
shaping technique is applied to the discharge process; and, fi-
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Fig. 1. Discharge behavior of a lithium-ion cell withhc = 3 VandV,,: = CA
1.0 V. %:
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sists of one or moreells organized in an array. Each cell con- .
sists of an anode, a cathode, and the electrolyte that separate .
the two electrodes and allows the transfer of electrons as ions :
between them [8]. Chemical material that originates chemical 2
reactions within the cell is callegictive material a)k

The ideal electrochemical cell should be extremely light, able
to provide an infinite amount of energy, and to handle all the de-
sired levels of power. In practice, the energy that can be obtainggl 2. Ragone plots for various battery chemistries.
from a cell is fundamentally limited by the quantity of active
material contained in the cell. Therefore, the lighter the cell, thg, = 3 V and V., = 1.0 V. The three curves in the plot
smaller its capacity. In fact, there is a measure of the capadciyrrespond to different values of the discharge current.
of a cell, named theoretical capacity, that is a function only of
the type and mass of the electrodes and electrolytes. While dheCapacity of Electrochemical Cells
cannot hope to exceed this capacity, the challenge in cell desigrhe electrical current obtained from a cell results from elec-
is to come close to this capacity. In practice, the delivered efiochemical reactions occurring at the electrode-electrolyte in-
ergy greatly depends on the intensity of the discharge curreflsface [8], [13], [16]. At zero current, the concentration of the
the power level drained from the cell, and whether the discharggtive material in the cell is uniform. As the discharge current

is constant or pulsed. increases, the active material is consumed at the electrode-elec-
trolyte interface by electrochemical reactions, and replaced by
A. Notations and Definitions new active material that moves from the electrolyte solution to

i i _ .. .the electrode througthiffusion As the intensity of the current is
A cellis characterized by three voltage values: 1) the initigl e aqed, the deviation of the concentration from the average
open-circuit voltageVoc), i-e., the initial value of voltage of jo:omes more significant and the state of charge as well as the

thg fully charged cell under no-load cqr]ditions; 2) the opegy) voltage decrease. Beyond a threshold value, the so-called
ating voltage of the cell under load conditions expressed as Vv, iting current, the diffusion phenomena is unable to compen-

and denoted by; and 3) the cutoff voltage at whicoh the cellgate for the depletion of active material and the cell voltage
is considered discharged, denotediy; (namely 80% of the y,ons helow the usable value even though the theoretical ca-

Voc). Two parameters are used to represent the cell capacggcity of the cell may not have been exhausted.
the theoreticaland thenominalcapacity. The former is based” |4 relationship between the discharge timeand the

on the amo_unt of active material contained in the cell and éﬁscharge current (assuming constant discharge) is given by
expressed in terms of ampere-hours. The latter represents g€ orv's formula 8]

ampere-hours obtained from a cell when it is discharged at a

specific constant current to a specific cutoff voltage. th=KI" (1)

Finally, to measure the cell discharge performance, the fol- ) .
lowing parameters are considerdischarge time(t;) is ex- whereK andh are constants depending on the cell design and

pressed as seconds elapsed until a fully charged cell reach@lery chemistry. (Typical values df and/ in commercial
the V.. voltage and has to be replaced or rechar@éscharge secondary cells are in the range 10-100 and 1.0-1.5, respec-

current (current density}]) is expressed as amperes (amperd¥€!y.) With Ve, denoting the average value of the cell voltage
per cn?) drained from a cellSpecific power (energyis the during the discharge, the specific energy of the éelk given

power (energy) expressed as watt (watt-hour) per kilogram d

Iiyereq byaful!y chargeq cell at a specified current ofdischarge. E=V, . I-t,=V, KI'™" )
Likewise,specific capacityexpressed as ampere-hours per kilo-
gram, can be defined. (We notice that, by considering the average value of the cell

To clarify the above definitions, Fig. 1 from [15] shows thevoltage during discharge, the specific energy is proportional to
constant current discharge behavior of a lithium-ion cell witthe specific capacity of the cell.)
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TABLE |
SUMMARY OF EXPERIMENTAL RESULTS ONPULSED DISCHARGE OFELECTROCHEMICAL CELLS
Cell type Experiment Result
Lead-acid Current pulses 3ms long Drained current decreased from 12A /cm?
followed by a idle time (1st pulse) to 7A/cm? (6th pulse); the initial
of 22ms [11]. Vo was recovered during the first 4 pulses only.
Lithium-ion Const. discharge to 80% of Spec. power obtained from the pulse was 320
600W /kg initial Vo, then a current pulse W /kg for no idle time after const. discharge,
spec. power 30s long was drained [10]. 490W /kg for a idle period 20min. long.
Sony Li-ion Const. discharge at 1.9A At the end of idle time, the cell voltage
1Ah nominal for 16ms followed by a idle was again very close to Vp¢.
capacity time 20min. long {10].
TMF (Thin Discharge at const. current Capacity obtained from const. discharge
Metal Film) equal to 100A and at 100A was 0.44Ah, from pulsed discharge 0.5Ah
pulses 1s long and followed (13.6% of improvement). Even under pulsed
by aidle time s long [13]. discharge, delivered capacity was only
41.7% of the theoretical capacity.
Li-polymer Current pulses 10ms long Up to 50mA /cm? (about 14 times the typical
followed by a 50ms idle const. discharge current) was obtained.
time [20].

Equations (1)and(2) highlighttheinverserelationship betweean be drained from the cell for a constant delivered specific en-
discharge time and specific energy on the one hand and dischatgg (e.g., see the experiment on Li-polymer cells).
currentonthe other. Therelationship between specificenergy and\lso, the experiment on lead-acid cells [11] reported in
specific power ofanumber of differentbatteriesis displayedintfable | shows that the cell ability to recover charge during
so-called Ragone plotreproducedfrom[11]asFig. 2. The factthidle time decreases as the cell discharges. This indicates that
the curves leanto the left shows that a high specific energy candiferent stages of the discharge process, so-calledharge
obtainedonlyifthedischargeisatlowpowerlevels. Evenifone s@hasescan be identified, and, depending on the cell discharge
tles foralow discharge current (i.e., alow specific power), the cphase, the recovery period should be properly controlled
pacity delivered by a battery under constant dischargeis typicatly modulating the discharge profile in order to increase the
only 10%-30% of the theoretical value. Although improvementielivered specific energy. A similar observation can be made
in battery technology are being made, they tend to lag behind #iigout the experiment on thin metal film (TMF) cells [13], [17].
demand. We are, therefore, led to ask if, for a given battery chemit is important to notice that the benefits of pulsed discharge
istry, thereisawaytoimprove theyield. Perhapsthe answer liesntinue to hold if the discharge is composed of pulses superim-
the factthatin some applications (such as data transmissions) pased on a constant background current [12], [21], [22]. Such
mightexpectthedischargetobebursty. Howdoesbursty dischadigcharge patterns are likely in communication devices where
effectcell capacity? the baseband and RF parts need a constant supply, but load
changes occur whenever the system passes from the idle to the
active state or the radio transceiver switches from receiver to
transmit mode. For instance, in the case of a WLAN card, the

Some of the adverse consequences of constant current digrent consumed in transmit mode is 1.5 times greater than the
charge can indeed be overcome when the discharge is pulsedulrent consumed in receiver mode and 30 times higher than
a cell is allowed to relax long enough after delivering a pulseéhe current consumed in doze mode [2]. Experimental results
the concentrations gradient of the active material decreases eggbrted in [21] and [22] prove that, even if a constant back-
charge recovery takes place at the electrode. As already mgreund current is drained, during the idle periods between suc-
tioned, this recovery effect is due to the diffusion process theéssive pulses the cell is able to recover charge and its voltage
compensates for the depletion of active material. arises to the value of operating voltage associated to the con-

Several findings [8], [10]-[13], [17]-[20] quantify the advanstant background current discharge. Thus, an improvement in
tages that result from a pulsed current discharge mode. Tabelivered specific energy is still obtained; clearly, the greater
reports experimental results obtained by using different celllse difference between background current and pulsed current,
technologies. We point out that the discharge time in these ¢ke greater the improvement.
periments are much longer than the typical timing used in radioThese findings suggest that, in applications that can tolerate a
communication systems; however, these results clearly prduarsty power supply, there might be an opportunity to enhance
that, for a fixed power level, the delivered specific energy cdattery efficiency by controlling the time instants of discharge.
be increased by using a pulsed discharge instead of a constamirder to explore these possibilities systematically, it is imper-
discharge. By using a pulsed discharge, a higher specific pova¢ive that we develop a reasonable model for battery behavior.

C. Pulsed Discharge
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I1l. M ODELS FORSTOCHASTIC DISCHARGE

In this section, we examine ways to model battery behavic
mathematically in terms of parameters that can be related
physical characteristics of the electrochemical cell.

Electrochemical models that give a detailed representation vl
the electrochemical phenomena taking place within the cell cag. 3. Graphical representation of the stochastic process modeling the cell
be found in the literature [12], [23]. They are based on palpehavior.
tial differential equation systems, whose complexity prevents
the use of electrochemical_ models for comml_mications system jel was used in [26] in a nonstochastic setting. In [27], we
modgl_mg and protocol design. Here_, the goalis not to be ove dlidated the stochastic model by comparing results in terms of
specific, butto .capture enough details in a tractable manner 3 d,cell’s delivered energy with those obtained through the elec-
use a stochagtlp model to de_velpp a broad gategory of ProtoGolS.hemical model of a lithium-ion cell 23], [24].
for energy efficient communications. We point out that none of
the models for cell discharge proposed in the literature apply'&n
a stochastic setting [9], [10], [12], [16], [23]. '

Let us consider a single cell and track the stochastic evolu-The resulting cell behavior is a transient stochastic process
tion of the cell from the fully charged to the completely disthat starts from the state of full charge = Voc), denoted by
charged state. Models for arrays of cells can be developed fréfn and terminates when state 0 (corresponding to a complete
this simple cell. In the following analysis, the background cufischarge of the cell) is reached, or the theoretical capdcity
rent (see Section I1-C) is neglected for the sake of simplicity. I§xhausted. Note that, due to the limited theoretical capacity of
deed, since the benefits of pulsed discharge remain unchang¥icell, at most’ charge units can be drained.
in the presence of background current, the following analysisL-€t us define:; to be the probability thatdischarge requests,
can be still applied by simply scaling down the available cefiach one requiring one charge unit, arrives in one time slot.
capacity by a factor corresponding to the required backgrouhBus, in each time slot, the cell has probabiiyto move from
current [12], [21]. statez to z — 4, with0 < z < N, wher(_a_the positions corre-

We assume that the time scale is divided in time slot intervaiBonding toz — ¢ < 0 add to the probability to move to 0.
with unit duration, and we define the basic amount of capacity Th€ recovery probability in statgafter & charge units have
that is drained from a cell as opkarge unit Each fully charged P€en drained is as follows:
cell is assumed to have a theoretical capacity equaltbarge

Dynamics of Charge Recovery

—(N—=jlan—ac(k) — _

units, and a nominal capacity equaldbcharge units. The the- o¢ ’ ‘]]C — %)’ T ’fFV 1
oretical capacity!’ is a function of the mass and nature of the C(N—pan-Teac) . _ 1 '

. gj(k): apc N caC 5 jI].,...,N—].
electrodes and the electrolyte and as such is unaffected by di I <h<lD
charge profiles. The nominal capacily is much less thafi” c 1 etl 1
for all cell technologies and represents the charge that could be R 3
extracted using a constant discharge profile. Our ultimate goal ©)
is to extract an amount of charge that exce¥d$firough pulsed . . _
discharge wherecy,,x is the number of discharge phases that characterize

Discharges occur at stochastic instants determined by the 4 cell behaviod™.,,,, = T’ anday andac( - ) depend on the

charge pattern and recovery may occur whenever there is no dreovery capabtlllty ﬁf tr? € tl)la tter)(/j. Irl. p_?rtlgular, ﬁ. srr1n all value
charge. In particular, in each time slot if a discharge occurs, Ysvv represents a high cell conductivity (i.e., a high recovery

many charge units as required by the discharge pattern are | tab|llty)_, Wh"? alargery correspbqlntds todar?lgh mterntal re;j_
otherwise the battery may recover one charge unit or remain ace (ie., fa Ot\r']" recclnlve_rr)r/]cap? N Bffjan ! enIC(ta,:ts ?ﬁp IS-
the same state. The amount of charge recovered in one time &[ygrae curve forthe ce )- € value @ (-) is related to the
was chosen equal to one charge unit at most to reproduce f vpltage drop during the discharge process and, therefore, to
cell behavior obtained by using an electrochemical model dlsc_:harg_e curr_ent. We assume t‘?‘ﬂ“s aconstant, whereas
c(-) is a piecewise constant function of the number of charge

a lithium-ion cell [23], [24]. Lithium-ion cells are vastly used”

in communication systems; however, a similar behavior is e nits alre_ady drawn off the cell, that changes value in correspon-
nce withl. (¢ = 1,..., cpax — 1).

pected of other types of cells since the recovery effect dynam h babili o h t ch .
are quite the same. To more accurately model real cell behavio € probability to remain in the same state of charge Is
[23]-[25], the recovery effect that takes place when no discharge
occurs is modeled stochastically representing the fact that the re75 (k) = a0 —p;(k) j=1,....N-1; k=0,....T

covery capability of the cell decreases as the cell is discharged (k) = a9 k£ =0,...,T. (4)

[11], [25] (see Section 1I-C). The probability to recover one

charge unit during an idle slot is modeled as a decreasing €xg. 3 shows a graphical representation of the process. Note that
ponential function of the state of charge and discharged phaise[28] p; (k) andr; (k) were assumed to be constant for ghy
and the exponential decay coefficient is assumed to take difidd £ since it was not considered the dependence on the cell
ferent values as a function of the discharged capacity. Sucktate of charge and discharged capacity.
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We want to derive the average number of charge units, Ufﬁ(h, z) = 7>§c)zU1(f3(lz, 2) +p§c)(lz)zU2(f3(lz, z)
drained during the cell discharge process starting from fate oo
We start our analysis considering the process evolution in the + Z a;be,06(h — D)z + 61 6(h) (13)
generic phase. Since in each discharge phase the transition i=1
probabilitiesp; (k) andr; (k) are constant values, we have  and we evaluate (11)—(13) for= 1 We can use the recursion
< < b <
pi(k) = pE ). ri(k) :7,§) (11)—(13) to compute the valuég ( 1) (1 <b< N), so :

that the process evolution in phasec =0,...,Cpax — 1) is
3=1...,N=1; T.<k<yy; derived.
¢c=0,...,Cpax — 1. (5) However, since multiple charge units may be required in a

We defmeugc)(h n) as the probability to reach staté0o < ¢ <  time slot, we have to consider the event that more ttian; —
N) in n steps starting from state(1 < b < N)and consuming L'<) charge units are consumed while being in discharge phase
h charge units, witl) < k < (I'.;; — I',). Referring to Fig. 3, BY assuming that from the generic phagbe cell cannot move
we can write beyond phase + 1 in one step, the probability of this event

(e) () (@ _ is equal to the probability to consuniecharge units without
une(h,n) =ryuy (hn —1) leaving phase, times the probability to draih — I charge units

min(7, N—1) © . in a time slot such that phaset 1 is entered.

+ Z AUN_; (h —d,n—1) We denote by, .(j) the probability that a discharge request
- =l makes the cell pass from a phase to the next one while moving

n Z a5 08(h — N)S(n — 1) from stateb to statec and consuming charge units. Then

=N vn,e(J) =
+6n,8(h)é(n) n >0 (6) a;6(j — (b= ) + 32,1 4:6(j — b)deo, ifb>e

ul()cz (h,n) = 7£c)u£c)(h n—1) —|—pl()c)u£21 J(h,n—1) 0, else
min(b—1,h) (14)
() h—14 -1 . .
+ Z Aty _; e( t=nn ) Note thatu, () does not depend on the discharge phase.
At this point, the cell behavior can be tracked through the dif-

+ Z aibe 06(h — B)6(n — 1) ferent phases of the discharge process. We defﬁﬁ%{h k) as

= the probability to move from statieto statee while being in

F8,.6(R)8(n) 1<b<N; n>0 (7) phasec cons_ummg’z charge um_ts{O < h< T_) and condi-

((,) () @ () tioned at having already transmittéatharge units. We have

U’le(h’ 7’L) U’le(h”n )+pl U’Qe(h’ 71—1) (c)
wb e (h” k) =

+ Z ai6e.08(h — 1)8(n — 1) { U (h 1)k < Tons — k
i=1 Topt—k—1 =N c
461 6()8(n) >0 ©® X TR U0 D (A= 1) A>T — k.
where (15)
5 = 1, fz=y ) The average number of charge units drained from the cell
#¥ 10, else during the discharge process is computed considering that the
and following events may occur: 1) the discharge process terminates
1, ifz=0 in state 0 in phase (¢ = 0, ..., cmax — 1) afterh charge units
§(x) = 0, else (10) have been consumed and?Z)charge units are drawn off the
By using the method of generating functions [29], we compuﬁ?” without the ce.II having reached state 0. For example, for
the Z transform of (6)—(8) with respect o Cmax = 3, We obtain
(c) o(h,z) = 79U (h,z) (0) =L ()
=N ~UnNeUh < )
min(N—1,h) ]z:l h- WN kz; le Wi el
+ Z aizUJ(\f)_i’e(h —4,2) T o
- i=1 . { Z h- w(l) olh — kK, k)
+ > aibeod(h — N)z+bn.c6(h)  (11) h=T1+1
= I's—1 N
; N
Ué}?(h, z) = 7’(0)7Ub(c€)(h 2) +pbc)7Ub(j_)1 J(h, 2) + Z Z wél)ez ik, k)
min(b—1,h) i=Is 62_1
(e) .
+ Z Ub ze(l L,Z) < Z h - wgz)o —L,L)—i—T
h=I2+1
+ ai(5€70(5(h — b)Z + 6b,e(5(h) N
; D w® (T —i0) | ¢ (16)
1<b< N (12) es=1
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Fig. 4. G behavior in the case of a Bernoulli-driven discharge dem@ng:  Fig. 5. G behavior in the case of a discharge demand driven by a truncated
100, N anda x varying. Poisson distributionil” = 100, N anda v varying.

Finally, in the case of constant discharge, we assume that the recovery capability coefficient. That being so, in Section IV,
N charge units drained from a cell can be fully utilized by asve study the effect of discharge shaping to maxindize
cumulating charge in a capacitor whenever it needs. ThereforeWWhen we deal with a more bursty discharge profile, a trun-
a measure of the efficacy of pulsed discharge is the ratio ~ cated Poisson arrival process, the cell performance improves as

myp shown in Fig. 5. Here, we assume that the probability tlokd-
G= N (17) charge requests arrive in a time slot of unit duration is equal to
@ can be at most equal t6/N. Pulsed discharge outperforms o = Rie 81l i=0 N (18)
the constant current discharge to the extent¢haxceeds 1 and ‘e Z{\’_O Riec-R/j17 77
approacheq’/N. . = . T _
i.e., the amount of charge units that are drained in atime slot is a
B. Results random variable that follows a Poisson distribution truncated at

the value of nominal capacity . In this case, the request arrival
The value of7 can be derived for different discharge demange is equal to

processes. In the following, the behavior@fis derived as a NN

function of thedischarge request arrival rate.e., the average ZL =1 — R gt (19)
number of charge units requested per time slot. We assume that ‘ NI = R

Cmax IS €qual to 3, while the values of the threshalds(c =

1,...,cmax — 1) @and the values taken by are chosen such
VoA o : . IV. SHAPING THE CELL DISCHARGE
that the behavior of the cell state of charge during the discharge
process presents a realistic profile. In order to match the discharge profile to the inherent re-

For a Bernoulli discharge process (= Randa, = 1—a,), covery effect of the electrochemical cell, we propose a battery

Fig. 4 shows the relationship betweéhand the discharge re- management technique that is similar to kbaky buckealgo-
quest arrival rate, fof’ = 100, and asyy and vary. Clearly, rithm [30]. The objective is to maximiz€, i.e., to increase the

in this case, the request arrival rate coincides with the v&lue ratio of the capacity that can be drawn off a cell to the nom-
As expected( increases as the recovery capability of the celal capacityV, for any value ofV, a, and discharge request
increases, i.eq decreases. In addition, for a fixedy, higher arrival rate.

values ofG are obtained as the gap betwe€randZ” becomes

larger: in fact, in this case the margin of improvement that cdh SNaping Algorithm

be exploited through a pulsed discharge is greater. More interPortable devices normally have a buffer to store service re-
estingly, Fig. 4 shows that for anyy, no matter whatV is quests [1]. Our idea is to interrupt the discharge process and
used, approaches its lowest value as the request arrival rafjeeue discharge requests whenever the cell state of charge drops
increases and approaches its highest value as the request atavalcertain threshold; in this way, the opportunity for charge re-
rate decreases. Indeed, for a low discharge demand, the cell oayery is significantly increased.

recover often and an amount of charge units equal to the maxLet B denote the state of charge chosen as threshold,mvith
imum available cell capacity can be drained. expressed as charge units, alWddenote the quantitiv — B,

This finding suggests that the burstiness of the dischar
g 99 que recall that an increase in the (specific) capacity drained from a cell cor-

process may be a more significant determinant of the de“vert%gponds to aroughly equal increase in the (specific) delivered energy (see Sec-
capacity thanV, the initial charge stored in the cell, and,, tion II-B).



CHIASSERINI AND RAO: IMPROVING BATTERY PERFORMANCE BY USING TRAFFIC SHAPING TECHNIQUES 1391

T

0or—T—T T T T T 1
%q() e

0.5

04

0.3

Fig. 6. Graphical representation of the stochastic process modeling the c¢
behavior when the discharge profile is Bernoulli-driven and the discharg
shaping is implemented.

02

request service rate

whereXV is the cell nominal capacity. As before, we discretize

the time scale into time slots with unit duration, we model the 0.1

discharge demand process as a stochastic arrival process 5 5 : 5 : : :

charge unit requests, and denote dyythe probability thati 0 i i L i i i i

discharge requests arrive in a time slot. Whenever the cell sta 01 02 03 04 05 06 07 08 09

of charge drops to statB after the completion of a discharge

request, discharge is stopped and requests arriving at the syst

are queued in a buffer. We denote the buffer sizelbgand

assume thal is large enough to guarantee a loss probability 6e+02

of discharge requests equal to zero. During idle periods, th

cell may recover one charge unit per time slot. If the queu le+02

is not empty, a discharge request is served as soon as the ¢

state of charge becomes greater ti#anrhus, whenever there — le+01

are queued discharge requests, the cell charge can be equad

B+ 1 at most. We notice that when the number of charge unit=

requested to accomplish a task exceeds the number of chal  1e+00 |

units currently available, as many charge units as possible a™@

drawn off as long as threshold is reached. The drained charge

is temporarily stored in a capacitor until all the necessan 8 1e-01

charge is obtained.
We consider as state variables the number of charge uni le-02 ¥

available in the cell and the number of queued discharge r¢

quests [30]. A graphical representation of the stochastic proce

request arrival rate

rage delay

av

modeling the cell discharge is shown in Fig. 6 in the case of 1e-03
Bernoulli-driven discharge demand. Foe 0, ..., T, we have 01 02 03 04 05 06 07 08 09
() rp(k)ag () pr(k)ag request arrival rate
7 = ————; = —F
? pa(k) +rp(k) pa(k) +75(k)
< () rp(k)a; < () pa(k)a; Fig. 7. Bernoulli-driven discharge demand: Cell performance as a function of
T ) = ) = ———————— i i — N = 5 N, ing.
B pB(/f) n 7’B(I€) Pp pB(/f) + 7’B(I€) the discharge request arrival rate Br= 100, o = 0.05, andM varying
rr(k k
7’B,L(/€) = B( ) pB,L(k) = pB( )

pe(k) +7p(k)’ pe(k) +rp(k)
wherep g (k) andr g (k) are defined as in (3) and (4) fgr= B.  delay from the time instant when a discharge request arrives at
the buffer to the time instant when it is served, conditioned to

B. Results being actually satisfied. Observe that some devices may transit
By applying the shaping algorithm to cell discharge, we otio sleep mode after they have been idle for a certain time. In this

tain G = T/N, i.e., the capacity that can be drained from gase, the time delay associated with a discharge request should

cell is equal to the theoretical capacity and the valu&ias include the time the device needs to pass from the sleep to the

maximized. However, it is clear that such an improvement g¢tive state. This delay contribution has not been considered

the delivered cell capacity corresponds to an additional delayhgre.

charge supply. Results are obtained by solving the stochastic process de-
In the following, results are presented in terms of service rageribed above via simulation and are presented as functions of

and average delay of the discharge requests that the cell is db&erequest arrival rate. Plots show that by properly seledting

to guarantee. In particular, service rate is derived as the ratioequivalentlyB3, performance can be optimized as the charac-

of the number of drained charge units to the discharge procéssstic parameters of the cell and the discharge profile process

duration; while average delay is obtained by considering tlebange.
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Fig. 8. Bernoulli-driven discharge demand: Cell performance as afunctionply. 9. Discharge demand driven by a truncated Poisson distribution:
the discharge request arrival rate #r= 100, o = 0.001 and}M varying.  Cell performance as a function of the discharge request arrival rate for
T = 100, x5 = 0.001 andM varying.

Results obtained for a Bernoulli-driven discharge process and=rom Figs. 7 and 8, it can be seen that for both the values of
T = 100 are presented in Figs. 7 and 8dsanda y vary. ltcan «px and for any value ofV/, the average delay increases when
be seen that forvxy = 0.05 better results are obtained for lowhigh values of the request arrival rate are considered. In fact, the
values ofM (i.e., high values oB), while for a smaller value of delay introduced between the arrival of a discharge request and
a N, performance improves ad increases (i.e.3 decreases). the time instant of its service becomes greater. We also notice
This can be explained as follows. For a high valuexaf, the that, when high values af/ are considered, the service rate de-
recovery probability greatly reduces as the cell state of chargeases as the request arrival rate grows. This is because for a
decreases; in this case, it is important to prevent the cell stéied N, high values of\/ correspond to low values @, and,
of charge from assuming very low values. Thus, if a smélis therefore, to a lower recovery probability at the threshold state.
used (i.e., threshol® is taken close tdV), better performances For high arrival rates, the cell is quickly discharged to threshold
are obtained. On the contrary, whan is small, the recovery stateB in order to satisfy the incoming discharge requests, and
capability of the cell remains significant even at low values d@he time necessary to recover charge becomes larger. As a con-
the state of charge. Then, a larg is more desirable since it sequence, the time needed to drain from the cell a number of
allows for a higher service rate and a smaller average delayobiarge units equal to the theoretical capadityncreases. As
the discharge requests. expected from what we observed before, the degradation of the
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6e+02 T T T T Finally, we consider amN-OFF arrival process for the dis-

: i : : charge requests, each of them requiring one charge uniobfhe
andorFtimes are random variables taking values according to
a Pareto distribution

le+02 ¥

le+01 ple) = pkPz=0"L Bk>0, x>k (20)

1e+00 _ ______________ ______________ ,,,,,,,,,,, | An aggregation of such processes results in a self-similar

: : : ; process if the distribution of theN and oFF time periods is
; : : : heavy-tailed, i.e.3 < 2[31]. We takek = 1 and/3 as a varying
1e-01 ot 1= 1 —— parameter between 0.9 and 1.9 [31]. This discharge profile is

: 5 =5 --%-- likely in communication devices when the pulsed discharge

M=10 ---%-- process is driven by data transmissions.
le-02 T M=20 & - In this case, we show the average delay and the number of

: _ ; queued discharge requests as functions of parametég. 10
1e-03 l L | | illustrates results fofl’ = 100,ay = 0.001, and different
0.9 1.1 1.3 1.5 1.7 1.9 values of M. As in the previous cases, the larger the value of

B M, the more efficient the system behavior. However, the average

delay of discharge requests is higher than for the previous dis-
charge profiles. Indeed, duriruFrperiods no more thaly — B
charge units can be recovered, and duongeriods, itis likely
that the cell state of charge drops to stiteuch before the next
OFFtime starts. According to the shaping algorithm, when state
B is reached, discharge must be interrupted and requests must
be queued; this causes the degradation observed in the cell per-
formance.

For any of the presented discharge profiles, a higher service
rate and smaller average delay can be obtained if a less efficient
: : : ; cell discharge may be acceptable. For the desired Gaire.,
le+01 _ _____ : ; ] the required value of delivered capacity, the shaping algorithm

1 : M= 1 —— can be applied as described above. Cell performance in terms of
service rate and average delay improves as much as the target
M=20 -feree G approaches 1. Indeed, the smallgrthe less the number of

=30 - - charge units that have to be drained from the cell; in this case,
: ; discharge phases that correspond to a low recovery capability
le+00 - . ' ' are never entered. Based on the trade-off between cell discharge
0.9 L1 13 L5 1.7 1.9 efficiency and delay introduced in the discharge process, further
B shaping technigues can be developed.

average delay [slots]

1e+02

average no. of queued discharge requests

Fig. 10. AnoN-OFF source withoN and oFr times Pareto distributed: Cell

performance as a function ofand forT" = 100, a = 0.001, and different
values of M. V. CONCLUSION

The paper presented some interesting aspects of the battery
service rate is more evident for greater valuesvgf since in  pehavior that can be exploited to improve battery perfor-
this case the reduction of the recovery probability at sidfe  mances. A model of the single electrochemical cell was
more significant. developed tracking the recovery effect and the benefits of

Similar curves are obtained in the case of a discharge gmHsed discharge relative to constant discharge were shown.
mand process that follows a truncated Poisson distribution Bisen, we proposed a new battery management technique,
described in Section IlI-B. Fig. 9 shows resultsfoy = 0.001  which maximizes the energy delivered by a cell at the cost of an
and? equal to 100. Results improve a$ increases; however, additional delay. Results show that performance gains accrue
recall thatM cannot increase as much as desired since it mughen the parameters of the discharge shaping algorithm are
be M < N.Comparing Fig. 8 to Fig. 9, it can be seen that focorrectly matched to the characteristic parameters of the cell.
high values ofM (namely: 20, 30) cell performance improves Further study is still needed to understand the discharge de-
in the case of a truncated Poisson distribution, that is when tmand process that is generated by the battery powered devices.
discharge demand is more bursty. In fact, for a fixed value Ways to shape the actual discharge demand process should be
request arrival rate, a greater burstiness allows the cell to bénvestigated to better conform to the optimal discharge profile
efit of alonger idle time between two successive arrivals and tbéthe cell, while still meeting the constraints on the additional
diffusion mechanism is better exploited. delay that is introduced in the cell discharge.
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