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Energy Efficient Battery Management

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

~ Abstract—A challenging aspect of mobile communications con- In [2], the authors introduced a discharge shaping algorithm to
sists in exploring ways in which the available run time of terminals  optimize the gain obtained from the pulsed discharge of a single
can be maximized. In this paper, we present a detailed electrochem- cell. Here, we consider a battery packageLatells and apply

ical battery model and a simple stochastic model that captures _. . . L . .
the fundamental behavior of the battery. The stochastic model is simple scheduling techniques to efficiently distribute the dis-

then matched to the electrochemical model and used to investi- charge demand among the cells. In treday-freeapproach the
gate battery management technigues that may improve the energy power supply is provided as soon as required. By using the pos-

efficiency of radio communication devices. We consider an array tulated stochastic battery model, we show that a significant im-
of electrochemicalcells Through simple scheduling algorithms, provement in battery capacity is achieved. When scheduling al-

the discharge from each cell is properly shaped to optimize the . : . - : . .
charge recovery mechanism, without introducing any additional gorithms are used in conjunction with discharge shaping, the

delay in supplying the required power. Then, a battery manage- battery is always able to deliver its maximum available capacity
ment scheme, which exploits knowledge of the cells’ state of charge,even for high discharge demand rates. In this case the price to

is implemented to achieve a further improvement in the battery pay is an additional delay in the power supply. This approach is
performance. In this case, the discharge demand may be delayed'nameddelayed delivery

Results indicate that the proposed battery management techniques Th ind f th . ized oll Secti
improve system performance no matter which parameters values | € reminder ot the paper IS organize . as 1o OWS'_ ection
are chosen to characterize the cells’ behavior. Il introduces some background on batteries and their perfor-

Index Terms—Battery management, energy consumption, wire- Mance. Section Il presents the electrochemical battery model
less communication systems models. and shows results for the single cell. Section IV introduces the

stochastic model and shows how accurate the postulated sto-

chastic model is compared to the electrochemical model. Sec-

tion V describes the proposed delay-free and delayed delivery
S THE POPULARITY of radio communications in-battery management techniques, and presents some results. Fi-
creases, the reliability and energy capacity of batterigglly, Section VI concludes the paper.

becomes a critical issue. Indeed, a greater battery capacity

means a longer run time of the terminals. The design of [I. BACKGROUND ON BATTERY PERFORMANCE

low-energy protocols and architectures must take into account . . . I
. An electrochemical cell is characterized by the initial open-
battery performance, and a tractable representation of the

battery behavior must be included in the model of the overc’;\:lllrCUIt potential {oc), i.e., the initial V‘?‘!”e of potential of the
L . ..~ Iully charged cell under no-load conditions, and the cutoff po-

communication system. Moreover, due to the disparity 'tn ntial (V..:) atwhich the cell is considered discharged. Two pa-

the rate of technological advance in batteries and in portable cut ged. P

communications equipments markets, software solutions trr]%peters are used to represent the cell capacity etical

) . and thenominalcapacity denoted By and NV, respectively. The
increase the amount of energy that a battery can deliver are . . ) i )
worth exploring. ofmer is based on the amount of active matetiatmntained in

In this paper, we present an electrochemical battery model E cell and is expressed in terms of ampere-hours; it represents

. . maximum available capacity of a cell. The latter represents
that represents the underlying electrochemical phenomena, gand . S
! . ) € ampere-hours obtained from a cell when it is discharged at
we introduce a stochastic battery representation that, thanks 10 ~ .= " .
o a specific constant current to a specific cutoff potential. Bgth
its simplicity, can be used to develop a broad category of proto-

cols for energy efficient communications. The stochastic mouaerT vary for different kinds of cells and values of discharge

is matched to the electrochemical model for the particular Ca%urrent; howeverV is always much less thah. To measure the

of a lithium-ion battery, and a comparison between the resuﬁge” dlsch_arge performance tspecific power (energyij; con-
obtained is shown. sidered, i.e., the power (energy) expressed as watt (watt-hour)

We then explore ways in which the energy efficiency of md?e kilogram delivered by a fully charged cell at a specified cur-

bile wireless communications can be enhanced through the Lrjesnt of discharge.
g he ideal electrochemical cell should be able to provide a

of improved energy-efiicient battery management teChanu%/Se'ry high energy, and to handle all the desired levels of power.

In practice, the energy that can be obtained from a cell is fun-
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current, the state of charge and whether the discharge is constant
or pulsed composite composite
P ' . . . negative electrolyte positive
Under constant discharge, a cell can provide a certain value of electrode electrode
current, called thémiting current [3], [4]. Above this threshold,
the concentration of active materials within the cell becomes 5. 8, 5,
nonuniform, the cell potential drops quickly below the cutoff
value, and, even if the theoretical capacity of the cell has not =0 x=L

been exhausted, the cell is considered discharged.
Under a pulsed discharge profile, the battery is able to relg. 1. Dual-insertion lithium cell consisting of composite negative and
cover charge during the interruptions of the drained current, &1Ve électrodes and electrolyte.

calledrest time periodsDuring rest time periods, active mate-

rials, that have been consumed at the electrode-electrolyte infi) Systems and typically involve a large number of parame-
face by electrochemical reactions, are replaced by new materf§fS that depend on the particular type of cell. The independent
that move from the electrolyte solution to the electrode througfiiables of the PDE system are the spatial coordinasmd
diffusion The concentration gradient of active materials therd1€ time?; the dependent variables are the concentration of the
fore decreases and charge is recovered [3], [5]. As shown gyemlcal materlals, the drained current = 4, + 72, and the
several experimental tests [6]-[8], this charge recovery medf! Potentialy. _

anism, so-calledecovery effectcan lead to a significant im- _ AS an illustrative example, consider the model of a dual
provement in battery performance when a pulsed dischargé'tig'um ion insertion 9el| shown in Fig. 1, which is ofte.n used to
implemented. It is observed that [5]: 1) by using a pulsed diggpply portable devices. (The list of used symbols is reported

charge, a higher specific power can be drained from the cell fop'hAppendix.) Atthe electrolyte, we have [1]

constant delivered specific energy. In fact, by properly choosing dc O de iy Ot
the pulse and the idle time duration, pulses of amplitude equal to ot or < %> - 2 F Dz 1)
several times the limiting current value can be obtained and 2) 9
. . e ) . n I RI, ty\ Olne
for a fixed power level, the delivered specific energy is greater if — ==+ s+ + . (2)
dr k F zy ) Ox

a pulsed discharge is used. In fact, with pulsed discharge, the ac-

tive materials at the electrode-electrolyte interface are partiathyuations are solved by using the boundary condition

recovered depending on the drained power and on how long the .

idle periods are. Ideally, the cell would be exhausted only when —D% + taty

all the active materials in the cell have been exploited. dr  zy I
The benefits of pulsed discharge continue to hold if the digyq the initial conditior(¢ = 0) = °. At the cathode, we have

charge is composed of pulses superimposed on a constant back-

ground current [9], [10]. Such discharge patterns are likely indc 9 <D 86) _de Oty Fajn(l—ty) @

communication devices where the baseband and RF parts needt ~ 9z \ 9z ) 23 F Oz

=I1/F atxz=46_"for(1) 3)

a constant supply, but load changes occur whenever the systegy, —(I—4y) iy RT, t+\ dlne
passes from the idle to the active state or the radio transceivef, = — 5 T~ L T F < + Z+> o ®)
switches from receive to transmit mode. An application of the ‘ —s; iy
pulsed discharge technique and its benefits can be observed ign = — = (6)
GSM and other TDMA based systems, where a high current isac 92 2 dc
needed from the battery just during the packet transmission timea—t =D, {ﬁ - a—j @)
(e.g., 557us in GSM), otherwise a value of current about ten
times lower is drained [11]. Gn = Flac™ (cp — ;)% ¢ [exp <%F(n — U))

The phenomenon of charge recovery that takes place under RI,
bursty or pulsed discharge conditions is, therefore, identified exp <_ acF(77 3 U)ﬂ
as a mechanism that can be exploited to enhance the battery RT, ’
capacity in portable communications devices. These facts sug- (8)

gest that in applications that can tolerate bursty transmissions,

there might be an opportunity to enhance battery discharge tiffée unknown variables akein (4), n in (5), iz in (6), ¢, in (7),

by controlling the instants of transmissions. In order to explo@djx» in (8). The system is solved with the following boundary
these possibilities systematically, it is imperative that we haveegnditions

reasonable model for battery behavior. e
— =0 atzx = Lfor(4) 9)
dz
[ll. ELECTROCHEMICAL BATTERY MODELS ? = —I/o atx = Lfor(5) (10)
X
Several electrochemical models can be found in the literature o =1 atx=46_andz =6_+4,for(6) (11)
for different battery technologies [1], [9], [12]. These models in=0 atz=1L, for (6) (12)
give a detailed representation of the underlying electrochemical dc,

phenomena; they are based on PDE (partial differential equa- 5 — 0 atr=0, for (7) (13)



CHIASSERINI AND RAO: ENERGY EFFICIENT BATTERY MANAGEMENT 1237

2 T . 350 ———
| Ai— 0.1% ----- i 340 [ 1=100A/m> ------- .
— o O v p—
05 T 100% e w330 S S : R
g i g 320
: 5
g £ 310k
g 2
E S 300
b |5
2
S & 290 : : :
£ H H H
& H H : :
’ 280 :
270 L1 R
, 02 03 04 05 06 07 08 09 1
0.01 discharge demand rate [ms™ ']

0.2 03 04 0.5 0.6 0.7 0.8 0.9

discharge demand rate [ms™'] Fig. 3. Specific power versus discharge demand rate obtained through the

electrochemical model for different values of current density.
Fig. 2. Specific energy versus discharge demand rate obtained through the

electrochemical model for different discharge profiles. Each profile corresponds . o 0 .
to a different mix of 100 and 110 A/frpulses; in the legend the percentages of LOOkmg at the 0% and 100% curves, CorreSpondmg to 100

110 A/n? pulses are reported. and 110 A/m discharge respectively, we can see that as the
discharge demand rate decreases, the obtained gain dramatically
. dcs increases for both the values of current density since the chance
Jn=—Ds ar atr = &, for (7) (14) to recover for the cell increases. This proves that a significant

- L g N0 improvement in performance of real batteries is possible when
and initial conditionsz(t = 0) = ¢” andc,(t = 0) = ¢5. A 5 g ohastic pulsed discharge is used.
similar system of equations can be written for the anode. . f .
L . . Fig. 2 also shows that higher current density pulses may
Under a stochastic discharge profile, these equations are d f i th f hiah
solved by considering the current that is drained from the ce ?gra © performance, even | the percentage of higher current
as a stochastic variable. At each current pulse. we can derpl)ulses is really small. This phenomenon takes place whenever
. ' pulse, M€ current density drained from a cell exceeds the specified
the cell potential and, hence, the energy delivered by the pulse:

; > PUBiiting value and, therefore, the concentration gradient of
the discharge process ends as soon as the cell potential drops g 9

active materials becomes significant (see Section Il). The
to the cutoff value. - :

We have obtained plots assuming that the time scale is lwltmg current density depends on the cell technology but
vided into time slots vsith duration eg ual to 1 ms and that t pically the current density required in communication sys-
discharge process is composed of l?|SES occurring at stocha trinS Is higher than the limiting value. Thus, applications that
time ins%anﬁs accordin topa BernoBIIi distribution gI]:’ulses ha|ﬁv8Ive the use of different levels of power (e.g., routingah

. 9 . ' . ﬁ ¢ networks, power control in CDMA systems, etc.) should
a constant duration equal to 1 ms (i.e., equal to one time slat).

The electrochemical model was numerically solved by usingcarefu"y administer the available battery capacity depending

program developed by Newman al. [13]. The program was oh the valu_es of draine_d _current density and_ cutoff potential of

modified to let the discharge of the c'eII bé driven byastochasbhe cell. Itis worth noucmg. that for a low discharge demapd

process (i.e., a Bernoulli driven discharge process). Results rgelzt—e.the curves correspondlng 0 10% and 100% overlap since

late to thé fi.r,st dischar e of th I th d'. h tp_e idle time between pulses is sufficiently long for the cell to
ge cycle of the cell; thus, discharge al: .

ways starts from a value of positive open-circuit potential equal

T Fig. 3 presents the behavior of the specific power per pulse
t04.3071 V. We assume thache cutoff potential is equql toz's\yersus the discharge demand rate obtained from the electro-
and we take the current density at each pulse as a varying par

REmical model as the current density varies. This plot shows
eter of the system. In practice, the cutoff potential, the pulse ! . 1y varl 'SP W

: ; : WMat the level of specific power remains roughly constant no
ration and the current density depend on the particular applica: P P gnly

. atter what discharge demand rate is used.
tion (cellular phone, cordless phone, etc.) and on the technologyl.he set of results that we can derive through the electro-

that is used to build the electronics of the device. The values of ..., model, however, is limited because as the drained cur-

oo ot o oy el ad e cut ot decreas,he compuatn tne be-
P omes exceedingly large. In the next section, we present a more

to run the program.for a reasor)able duration of time. Re.‘c’uﬁgctable parametric model that captures the essence of the re-
are plotted as functions of the discharge demand rate, which |

expressed as number of discharge pulses per time slot (i.e.?%?éery mechanism.
ms~!) and coincides with the Bernoulli probability that a dis-
charge pulse occurs in a time slot.

Fig. 2 illustrates the delivered specific energy for different We model the battery behavior mathematically in terms of
discharge profiles. Each profile corresponds to a different mparameters that can be related to physical characteristics of the
of 100 and 110 A/rh pulses drained from the cell. (Labels irelectrochemical cell [2], [14]. The proposed stochastic model

the plot refer to the percentages of 110 A/pulses.) focuses on the recovery effect that is observed when a pulsed

IV. STOCHASTIC BATTERY MODELS
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discharge is applied, and neglects all the other phenomena reg
resented in the electrochemical model. It is clear that when the
focus is on improving the understanding of cell behavior or on
cell design, a stochastic approach is not suitable and an electrc
chemical model must be used.
Let us consider a single cell and track the stochastic evolu-
tion of the cell from the fully charged to the completely disEig' 4. Stochastic process representing the cell behavior.
charged state. Models for arrays of cells can be developed from
this simple cell. Discharges occur at stochastic instants detéfieregy andgc(-) depend on the recovery capability of the
mined by the discharge pattern and recovery may occur whéattery. In particular, a small value gf; represents a high cell
ever there is no discharge. The amount of capacity that has toe@ductivity, while a largg v corresponds to a high internal re-
supplied per discharge request is considered equ@| tharge sistance, i.e., a steep discharge curve for the cell. The value as-
units sumed byyc(-) depends on the current phagand is related to
Each fully charged cell is assumed to have a theoretical d4€ Cell potential drop during the discharge process, and there-
pacity equal ta” charge units, and a nominal capacity equal tfpre t© the discharge curreit In this way, the effect of the
N charge units. The nominal capacily, is much less thai in dlsphargg cu_rrgnt value on the_ recovery process is represented
practice and represents the charge that could be extracted u¥jRge maintaining model simplicity. o _
a constant discharge profile. Our ultimate goal is to extract an'Ve assume thaty is a constant, wheregg (-) is a piecewise
amount of charge that exceed¥sthrough pulsed discharge. _constant function of t_he dlschar_ge phase; thus, it changes value
The recovery effect is modeled as a decreasing exponenﬁhporrespond_ence with th_e \_/arlab;fe )
function of the state of charge and discharged capacity. Suc Jhe.probablllty to remain in the same state of charge while
model was used in [15], in a nonstochastic setting. To mod&NY in Phasef is
more accurately real cell behavior [11], the exponential decay .
coefficient is assumed to take different values as a function of ri(f)=a-pi(f) Ji=1...,N-1 (16)
the discharged capacity. rn(f) = qo. (17)
The resulting cell behavior is a transient stochastic process
that tracks the cell state of charge. The cell state of charge cor& graphical representation of the stochastic process is shown
responds to the open-circuit potential of the cell, i.e., the pll Fig. 4; a list of symbols used for the stochastic model is re-
rameterl/ that appeared in the electrochemical model. The stgorted in Appendix.
chastic process starts from the state of full chaige< Vo), i
denoted byV, and terminates when the state 0 (correspondinag Performance Analysis
to a discharged cell) is reached, or the theoretical capdtisy = We assume that time is discretized into slots with unitary
exhausted. length and we define jab arrival as the event that one or more
Let us defineg; to be the probability that charge units are discharge requests arrive in a time slot.
required in one time slot, i.e., the probability tiat, discharge ~ The time period between the end of service of a job and the
requests arrive. Thus, in each time slot, the cell has probabil@rival of the next job at the cell is the cell rest time and is de-
¢; to move from state to ~ — ¢, with 0 < z < N, where the noted byr. When an arrival occurs, the required charge units
positions corresponding to— i < 0 add to the probability to are drained in a time slot duration. We define the cell rest time
move to 0. and the following time slot, where the arrival takes place, as a

During the discharge process, different phases can be idef¥cle time Then, we model the discharge process of the single
fied according to the recovery capability of the cell; indeed, &§!l by considering just the time instants corresponding to the
charge units are drawn off, the recovery capability of the cell dgnd of cycle times.
creases. Lef.,. be the number of discharge phases that char-In each of the discharge phases the transition probabilities,
acterize the discharge process; each plfage= 1,. ... fuax) Pi()@Nd7(f) (L =1,...,N; f =1,.. ., fuax) are constant
starts right after; charge units have been drained from the ceYlues; we start our analysis by conditioning on the cell being
and ends when the number of drained charge units reachesfH€ generic phasg (F = ). Let us denote by ) the state
valued,,,. We haved; = 0 andd,,__,, = T, while ford, Of the cell at thenth cycle time. Since giveX ™) and F, the
(f = 2,..., fmax) Proper values are chosen in order to matcfgcovery is independent of the number of charge units delivered,
the discharge of the cell to experimental results as it will J8r 7 = 0andl = 1,..., N — 1 we can define
shown in Section IV-B. N

The probability to recover one charge unitin a time slot, con- %,;(f) = P{X"*" =1 -, jc, charge units delivered

ditioned on being in statg and phase is X = LF=f) (18)
qoe~WN—Nav=gce() =1 . N-1 with/ —4 > 0and¢ > 0. It can be shown that
- 1 1 : (n
pi(f) = goe—(N—Dan—dsac () {: L N1 @9 vl ;(f) = P{arrival of j request$ X = I, F = f}
f = 27 ey fmax . P{recovered Charge: jcp — 1 | X(") — 17
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F=f}. (19)
Likewise,

wi(f)2 P{arrival of j request$ X" =1, F = f}
- P{recovered charge= jc, | X™ =1,
F=f} (20)
2 (f) 2 P{arrival of j request$ X =1, F = f}
- P{recovered charge= j¢, +i| X" =1,

F=f} (21)
where

P{arrival of j request$ X = I, F = f}
= P{arrival of j request} = a;. (22)

Since the cell state of charge cannot excAedtarting from
statel a cell can recover at mos¥ — [ charge units in a rest
time period. The probability to recoves (0 < m < N —1)
charge units during a rest time periaed,can be easily derived
by inspection of Fig. 4,

P{recovered charge= 0| X = |, F = f}

=Y Plr=k| X" =1,F = fyrj(f) (29)

k=0

form > 0,
P{recovered charge=m | X" =, F = f}

= Z P{m right transitions; — m transitions
k=m
from a state to itselfr = k, X = [, F = f}
CP{r=k| X" =1, F=f}

oo k—mk—m—i k—m—i—j—...
:[pl(f)---pl+rnfl(f)]z Z Z Z
k=m i=0 j=0 v—0
I () o e (PP ™7 ()
P{r=k| X" =1, F=f}. (24)

We defineugf;)(h, n) as
(f)(h n) = P{X™*") = ¢ h charge units
delivered X™ = F = f} (25)

withl << N,0< e <N, andvm.
It can be shown that, far < I < N, we have

|h/ep] min(jep, ,l—1)

ulhony= 3" S W (Hul) (h—jepn 1)

1239

+ 2 (Nl (h—jepn —1) (26)

Lh/cp) N— @
+ Z Z ZJ ul-l—ze jCP,TL—]_)

(27)
lh/ep] min(jep, N—1)

ug\f) (h,n) = Z Z ajug\’:) J(h—jep,n—1).
j=1 i=1
(28)

Equations (26)—(28) can be solved iteratively for each possible
value ofh andn (n < (dsy1 — dy)/cp) with the boundary
conditions

u;’?(h,n) =0 forn > 1,h < ¢pandvl,e. (29)

The probability that the discharge process passes from ghase
to phasef +1 at the end of. cycle times and having deliveréd
charge units, is equal to the probability to deliker: 7 charge
units inn — 1 cycle times without leaving phagg multiplied

by the probability to delivek — & charge units during the last
cycle time. Clearly, this can be easily computed once we solve
(26)—(28).

At this point, we can derive the average number of charge
units, A..,,, drained from a cell during the discharge process.
For the sake of simplicity, let us consider just two phases of
discharge { = 1, 2). Three different events may occur: 1) the
discharge process ends in the state O afteycle times while
being in phasg¢ = 1 and having delivered (h < T) charge
units; 2) the discharge process ends in the state Osaftgcle
times while being in phasg = 2 and having delivered (h <
T) charge units; or 3]" charge units are delivered afterccycle
times without having the process reached state 0.

Since the cell is assumed to be in phase 1 and $fad¢ the
beginning of the discharge process, the probabilities of the three
events are

P{X™ =0, h units delivered, charge delivered in
F=1|X9=nNF9 =1}
ulo(hyn), ifh<diorn=1
di—1 N

=93 S ul kon - Duldh - k1), GO

k:_l?l
if h > dyandn > 1

where the first equation holds when phase 1 is never crossed,
while the second equation holds when phase 1 is crossed during
thenth cycle time

P{X™ =0, h units delivered, charge delivered in
F=12|X9=NF® =1}
N N h—1d;—1

DI DD PRI A T (k- 4.1)

m t=1s=1k=d; j=1
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1
= kon = 2 T T o
' i i ; \ I= 90A/m;-e ~-X—-
where j charge units are delivered in phaseil;- j while 13 e 1=100A/m§-s R SN
crossing phase 1, arid— % in phase 2'(j, k) Vo =100A/m’ -¢ -
11 b = -8 .
: ; \ I=110A/m’ - --0-
P{X™ > 0,7 units delivered X(¥ = N, F(® = 1} . 5 5 |
N N di—1 :
-3 [ S - vtk o
e=1 Ls=1 k=1
N N T-1d—1
1 . 0 .
DI ID DD PRIACIESNICES Y
m t=1s=1k=d; j=1

. ugi) (T —k,n— m)] (32)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
discharge demand rate [ms ')

where the first term is the probability that(vk < d;) charge
units are delivered im — 1 cycle times and’ — k in thenth  Fig. 5. Gain obtained under pulsed discharge with respect to constant
cycle time; the second term is the probability thaharge units discharge for different values of drained current density. Results derived by
are delivered while being in phasel®-- j while crossing phase using the electrochemicat)(and the stochastis model are compared.
1, and the remainin@’ — & during phase 24, k).
Thus, we have under constant discharge, aifdequal to the number of pulses
- obtained through the electrochemical model under a discharge
_ . (n) _ ; ; demand rate equal to 0.1.

Acu = Z <hz=:1 hi- PLXT =0, h, charge delivered in Fig. 5 presents the behavior 6f versus the rate at which
Fo1]X© = N, FO Z 13 the current pulses are drained for three values of current den-
- Ty - sity: I = 90, 100, and 110 A/f As it can be seen, the curves
obtained from the electrochemical and the stochastic models

match closely.

The procedure to fit the two sets of curves is straightforward.
Indeed, looking at the results obtained through the electrochem-
ical model, we can identify for each curve about three regions
as the discharge demand rate varies. Notice that the number of
regions is related to the number of discharge phases, that can be
The mean number of discharge requests that have been ser§8HUP equal to 3 for most cell technologies. In each region, the
A, results as the ratio of the average number of charge urfit§Vve is well approximated by an exponential function with a
drained from the cell to the number of charge units deliverégrtain parameter. Therefore, to fit the curves obtained through

n

T
+ Z h-P{X™ =0, h, charge delivered in
h=d;+1
F=12[X9=NFO =1}

+7-P{X™ > 0,7|X® =N, FO =1} )(33)

per discharge request, = A.,/c,. the electrochemical and the stochastic frameworks, wedake
We consider as a performance index the ratiodgfto the = 0 and vary the parametegg: andd; (f = 2,..., fumax) Of
number of discharge requests that can be served by the cell urifgrstochastic model according to the considered value of cur-
constant current discharge, we have rent density. Following this procedure, we obtain a maximum
error equal to 4% and an average error equal to 1%.
G=(A4p-¢p)/N=Ac/N. (34) Fig. 6 shows the same curves derived from the electrochem-

ical model and from a simplified version of the stochastic model.
Notice thatG represents the capacity gain that is obtained frolfhe simplified stochastic representation of the cell is obtained
the discharge process with respect to the cell nominal capacliy; considering the parametes: to be independent of the dis-
greater( is, higher the delivered capacity. However, since theharged capacity. In particular, hege is a constant value eq
delivered capacity can not exceed the theoretical cap&eitgn  ualto:(1/dy,. ) E?:f’l gc(dy)(dyy1 —dy). Inthis case, we
be at most equal td@’/V. have a maximum error equal to 44% and an average error equal
o . to 14% for = 110 A/n?, and a maximum error equal to 14%
B. Validation of the Stochastic Model and an average error equal to 5% for 90 and 100 A/rA.

In this section, we present a comparison between results obWe point out that the validation of the stochastic model
tained through the electrochemical model of the dual lithiunnrough the dual lithium ion insertion cell was a natural choice
ion insertion cell and those derived from the stochastic modsince lithium-based batteries are widely used in portable
The discharge demand is assumed to be a Bernoulli-driven sievices and also because of the availability of the program de-
chastic process. veloped by Newmaeet al.[13] that models this cell. However,

Results obtained from the stochastic model are derived undevalidation of the stochastic model for other cell technologies
the following assumptions:, = 1, fnax = 3, N equal to the can be done by considering proper PDE electrochemical
number of pulses obtained through the electrochemical modebdels [9], [12]. Once we have the electrochemical model
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T anddelayed delivergpproach. The former implements a sched-
I= 90A/m>.- 5§ -~-X--~ uling scheme among the cells and provides the power supply as

1=100A/m" - e j._"j_;_‘"'; N soon as required; the latter uses scheduling algorithms in con-
If;?{)d%"% i junction with discharge shaping, so that an additional delay is
I=110A/m” - 55 =0~ 7] introduced in the power supply.

A. Related Work on Load Balancing

Load balancing algorithms are classified as static or dynamic
depending on whether they depend on the current state of the
system nodes. Dynamic load balancing policies improve load
distribution at the expense of additional communication of the
system status and processing overhead. Static algorithms have
better performance when the system load is light to moderate or
when the cost of the communication among the nodes is high.

In [16], it is proved that the shortest queue (SQ) policy max-
imizes the system performance if queues have infinite capaci-
Fig. 6. Gain obtained under pulsed discharge with respect to constéigs and the service time distributions are exponential; in [17],
dis_charge for different yalues of draine_d current density._ Results derived ﬁyls proved that the SQ policy is optimal for a broader class of
using the electrochemicak) and the simplified stochastics§ model are . . L . . o .
compared. service time distributions, i.eincreasing with likelihood ratio
distributions. However, the SQ scheme seems more suitable for
centralized systems, while for distributed systems randomized
load balancing schemes are well applicable.

Static randomized algorithms have been studied in [18] where
‘ Karp et al. show that two hash functions instead of one provide
telyerc an exponential improvement in the maximum load of a hash

: bucket.

In [19] and [20], dynamic randomized schemes are consid-
ered. Thesupermarketmodel is analyzed and an important
result is derived. In this model, customers arrive as a Poisson
process atn servers; each customer choosésservers at
random from ther servers and waits for service at the one with
Fig. 7. Margin ofimprovement for the capacity delivered by anarrdyef 2 the shortest queue. It is shown that usihg 2 choices yields
cells. an exponential improvement in the customer’s mean waiting
time over the casd = 1. Also it is shown that forl > 2 no

for the considered cell technology, curves representings ~Significant improvements accrue relative o= 2. Then, to
a function of the discharge demand rate can be derived. Tiggluce the number of choices (i.e., the cost of the scheme),

parameters of the stochastic model are set up following tH@eshold modelsre examined. In this case, a customer can
procedure described above. make a second choice only if the load at the first server exceeds

a certain threshold.

02 03 04 05 0.6 07 08 09
discharge demand rate [ms™']

V. BATTERY MANAGEMENT TECHNIQUES B. A Delay-Free Approach

In this section, we use the presented stochastic battery mOdeéimiIarly to load balancing, the objective here is to find a

TO explore ways 't’? which thbe enerr]gy effljc[[incy Orf] EOb'Ie W'rfeécheduling policy that efficiently distributes the discharge de-
ess communications can be enhanced through the use of . 4 among cells connected in parallel,

proved energy-eflicient battery management technigues. We first apply to the cell array two different static policies,

. V\lle c%nsdidiarda g_attsr)l/l packageffcellst;s: (2332 he sel_ec— i.e., policies that are independent of the cells state of charge, and
tive yISgNe u eb ) dlg.' ' dufstrates the Cﬁsbe ) c?pacny we compare their performances. We assume that the battery dis-
equalt ' can be drained from €ach cefl by means o acpnst arge demand is driven by Poisson-distributed requests arrivals
current discharge. However, by using a proper pulsed d'SChaWi?n rate R, at each time slot the probability thatlischarge re-

techrjique_, the region of delivered capac_ity can be_ increased. %l{iésts arrive isz; = (Rie~R /it) i > 0, and the probability that
goalistofind r_nethod_s o extend the region of delivered capacily, job inter-arrival time is equal totime slots is geometrically
up to the maximum limitT’). Indeed, in the presence of burstydistributed

data traffic, we may be able to adjust traffic arrivals and battery
discharge profile so that the recovery mechanism can be fully P{inter arrival time = £} = e R+=U(1 — ¢=R).  (35)
exploited.

We first review some results related ltmad balancingthat Also, we assume that at each job arrival the time necessary to
are close to our problem. Then, we apply the load balancing drain the required current supply is always equal to one time
gorithms to battery management. We consider batblay-free slot.
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Fig.8. Scheduling algorithms applied to the cells discharge. (a) Random (RD).

(b) Round robin (RR). 2 F
The first technique that we consider is a random scheme, in- % SRV :
dicated by RD, such that a job arrival is directed to each of the L BT e i
L cells with probability equal ta /L, regardless of the number 01 02 03 04 05 06 07 08 09
of discharge requests constituting the job. The discharge request discharge demand rate [ms ']

arrival process ateach cell is _stiII Poisson but with ra.te e_qual_[;l%_ 9. Gain obtained applying different discharge techniquesifor 2,

R/L. A graphical representation of the RD scheme is given m = 25, 7 = 200, andg varying. RD = random; RR = round robin; BT

Fig. 8(a). = best-of-two.

The second technique is the round robin (RR) scheduling

shown in Fig. 8(b). The job arrivals are directed to the cells Qe results presented for the RR method, especially whes

switching from a cell to the next one. In this case, the distri; 5. However, every time a cell is drained (i.e., a service is

bution of the job interarrival times is derived by convolviig required), the state of the server changes; therefore, we need

probability functions, whose expression is written in (35). Fap monitor and compare the cells status whenever we have to

L = 2, we have assign a job to a cell. The discharged capacity of the cells can

P{inter arrival time — &} be trackgd thank_s to smart .ba'thry packages [21] but the system
- R(k—2) R 36 complexity may increase significantly and the delay due to the
=(k—1e (1—e™)" (36)  overhead may not be negligible.

The behavior of the capacity gafitis derived for delay-free We conclude that an efficient way to discharge a battery is

schemes as a function of the average discharge request arfRguarantee to each cell a rest time long enough to recover. A
rate R. We assumeV = 25, ¢, = L = 2, and fuax = 3. relevant performance improvement is achieved by adopting a

Fig. 9 shows analytical results obtained for two differergimple round. robin technique and this improvement is e\_/ident
values ofgy. Clearly, for both the RD and the RR scheme&0 matter which values for the cells parameters are considered.
the gain that we obtain increases@s decreases, i.e., as the .
charge recovery capability of the cells improves. However: A Delayed Delivery Approach
since the rest time duration under the RR technique is alwaydHere, we consider battery management techniques that in-
twice the rest time that a single cell would experience, the RRIve a coordination among the cells of the array and drain cur-
outperforms the random scheme. rent from the cells according to their state of charge.

The performance of a modified RR algorithm, that operates Our goal is to monitor the cells status and make them recover
taking into account the cell state of charge in the job assignmestmuch as they need to obtain the maximum available capacity
to the cells, has been derived by simulation. We call this schefinem the discharge process.
thebest-of-twqBT) policy since it is close to the dynamic load We define a lower threshold for the cell state of charge such
balancing method where customers choose the best-ef2 that whenever the state of charge drops to this value, the cell is
servers randomly chosen. As we can see looking at Fig. 9, @nsideredot activeand current cannot be drawn off until re-
improvement is obtained in the behavior @fwith respect to covery occurs. The event of the cell state of charge dropping to
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01 02 03 04 05 06 07 08 09 _ _ , _ _
discharge demand rate [ms™] Fig.11. Throughput obtained using the proposed delayed delivery techniques.
L =2,T = 200,95 = 0.001 and M varying. RR = round robin; BT =
gn=0.001 best-of-two.
0.7
06 Results obtained by simulation are presented in Figs. 10-11
’ forc, = L = 2, fimax = 3, T = 200 and M varying. We de-
rive the throughput, computed as the ratio of the number of dis-
05 charge requests that have been served to the discharge process
S duration. Note that here the capacity géinpreviously consid-
§o 04 ered, is always equal t6/N, that is its maximum value, since
g the introduced delay is sufficient to let the cell recover all the
03 available charge.
; Curves in Figs. 10 and 11 are obtained gar= 0.05 andyy
7 RR-M= 5 = 0.001, respectively. Fary = 0.05 and both the RR and BT
02~ 7 %l%'ﬁﬂs) -] schemes, performance improves as smaller valuks afe con-
-M= EEEEE 2 .
BT -M=30 - sidered. However, for any value 8f , the throughput decreases.
0.1 S This is because, as soon as the discharge process starts, the cell

01 02 03 04 05 06 07 08 09

discharge demand rate [ms™'] quickly reaches the value of the threshold, that is far away from

the initial charge. At this point, the recovery probability is low
and the delay before being able to resume the discharge process
Fig. 10. Throughput obtained using the proposed delayed deliv . ; ; ;
techniquesE, — 2. T = 200, g = 0.05 andAL varying, RR = round robin; ®Pecomes large; thus, the time period needgd to drain from the
BT=best-of-two. cell the total number of available charge units increases. When
this phenomenon takes place, we have to reduce the cell load

) i by using a larger array of cells so that we move to the more
a certain threshold can be easily revealed by the control app&;oraple region of operation. Also, we note that when we are

ratus present in smart battery packages; the acquisition of {h&ne region where the battery operates correctly (i.e., the dis-
information is, therefore, considered instantaneous. charge demand rate is less than 0.6) the BT policy outperforms
Among the set of active cells, the RR and the BT schemgig RR scheme. However, we recall that the improvement in per-
are applied as described in Section V-B. Whenever the stéemance presented by the BT algorithm must be balanced with
of charge of a cell drops to the value of threshold, the cell ike increased system complexity. Note that, in this study, we
removed from the set of active cells and allowed to recover.dbnsidered the time necessary to compare the cells status to be
none of the cells is active, the discharge requests that arrive aegligible.
buffered and served as soon as a sufficient amount of charge igqr ;. = 0.001, the results shown in Fig. 11 present a much

recovered. We also assume that if a cell becomes inactive WWEher throughput since the recovery capability of the cells is
serving a discharge request, the remaining necessary charggign superior. In this case, larger valuesiéfgive better per-
drained from the next active cell. formance since now cells are able to quickly recover even when
As the discharged capacity becomes close to the value of ttteeir state of charge is greatly reduced relative to the initial
oretical capacity, the adopted scheme is suspended and cells/ahee. The BT gives the best performance for any value of the
discharged as long as their voltage drops to the cutoff value.discharge demand rate; however, we still notice that for both the
In this scheme, an important parameter for the cell behavigthemes the throughput starts decreasing at a certain point.
is the difference between the initial value of charfye,and the In Fig. 12, we presents the same curves obtained ivith4,
charge threshold that is chosen. We denote this quantiiby and considering/ = 5 for gy = 0.05 and M = 30 for
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gn = 0.001. As expected, in this case the throughput always 0.9 ! ! ! ! ! 3 3
increases as the discharge demand rate grows. 0 L EE ) §N:888(1) Mzgg _; ; ‘
The proposed battery management techniques provide a sig- “| BT- g§=0:050: M= 5 -
nificant gain in performance and this is achieved with a reason- 07 L BT - ex=0.001, M=30 g
ably small additional delay in the discharge demand supply for 1 1 1 1
all values of the considered cell parameters. The improvement _ ¢
relative to a simple round robin scheme is evident; however, in 5
this case a smart battery package has to be used and greatercor® 0.5
plexity is involved. g
= 04
VI. CONCLUSION 0.3
In this paper, we presented a stochastic battery model that
closely matches results obtained through an electrochemical 0.2 b
model. Thanks to its simplicity, the postulated model can be y ; ; ; ; ; ;
used for the design of low-power communication systems and 0.1 . : : . . : :
energy aware communication protocols. 01 02 03 04 05 06 07 08 09
We used the stochastic model to explore battery management discharge demand rate [ms ']

technlques that i Improve the battery capaC|ty and, therefore, I‘-he 12. Throughput obtained using the proposed delayed delivery techniques.
run time of communications devices. A battery package corp — 4, T = 200, andg,y varying. RR = round robin; BT = best-of-two.

posed of an array of cells was considered. The combination

of the charge recovery mechanism with discharge management

techniques applied to the cells array showed an increase in the APPENDIX |

battery performance. LIST OF ACRONYMS
Analytical results indicated that performance can be signifg

cantly increased without introducing any delay in the discharggy\,a

demand supply by implementing a round robin scheme. Morg-

over, it was shown by simulation that a battery is able to dg; E

liver the maximum available capacity at the cost of a fairly sm Random

additional delay and complexity when scheduling is combin%QE Co

X . d . ; Radio frequency.
with a simple discharge shaping technique. RR Round robin.

SQ Shortest queue.
TDMA  Time division multiple access.

Best-of-two.

Code division multiple access.

Global system mobile communications.
Partial differential equation.

APPENDIX Il
LIST OF SYMBOLS

Electrochemical Battery Model.

i1 Electronic current density (A/f).

is lonic current density (A/rf).

I Superficial current density (A/R); I = 41 + is.

In Pore-wall flux across interface between electrolyte
and electrode (mol/Ads).

7 Difference between the cathode potential and the
electrolyte potential (V).

U Open-circuit potential (V).

c Concentration of electrolyte in the electrolyte.

Cs Concentration of the active material in the solid ma-
trix.

ty Transference number of the positive active material.

Faraday’s constant (96,487 C/eq).

Universal gas constant (8.3143 J/mol/K).

Temperature (298.15 K).

Conductivity of the electrolyte (S/m).

Conductivity of solid matrix (S/m).

24 Charge number.

55 Stoichiometric coefficient of active materiain the
electrode reaction.

a Specific interfacial area (mt).

SEEONS RSV
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R, Radius of cathode materiglin). [9] R. M. LaFollette and D. Bennion, “Design fundamentals of high
Porosi f th h ) power density, pulsed discharge, lead-acid batteries. || Modelihg,”
¢ 0 os-ty oft e C,at ode Electrochem. Sogvol. 137, no. 12, pp. 3701-3707, Dec. 1990.
D Diffusion coefficient of electrolyte, (fs). [10] B. Le Pioufle, J. F. Fauvarque, and P. Delalande, “Comportement non
D, Diffusion coefficient of lithium in the solid matrix linéaire des générateurs électrochimiques associés aux convertisseurs
2 statiques. Détection de I' état de charge” (in in Fren&yr. Phys. J.
(m=/s)
e Appl. Phys.vol. 2, no. 3, pp. 257-265, June 1998.
bs Thickness of the electrolyte (5am). [11] Tadiran Electronic Industries. Make the right battery choice for porta-
i i iti bles. [Online]. Available: http://www.tadiranbat.com/howrchg.htm.
64 Thickness of the composite positive electrodm]. : _
. . . [12] R. M. LaFollette and J. N. Harb, “Mathematical model of the discharge
o Thickness of the composite negative electrode™ ~ pepayior of a spirally wound lead-acid cell]” Electrochem. Sogvol.
(pem). 146, no. 3, pp. 809-818, Mar. 1999.
; _ [13] J. S. Newman. (1999, July) FORTRAN Programs for Simulation of
L ThICkI’.leSS of the celll, = 6_ +6, + 6"" . Electrochemical Systems. [Online]. Available: http://www.cchem.
ko Reaction rate constant at cathode/electrolyte inter-  perkeley.edu/~jsngrp/.
face (n‘f‘/mol/s). [14] C.F Chia?serini anld R.R. Raol, “Energy efficient battery management,”
. P . in Proc. Infocom Tel Aviv, Israel, Mar. 2000, pp. 396—403.
Ct Maximum con_C(_antratlon in solid (mOIﬁm [15] J. Alzieu, H. Smimite, and C. Glaize, “Improvement of intelligent bat-
g, . Transfer coefficients. tery controller: State-of-charge indicator and associated functidns,”

Stochastic Battery Model.

Power Sourcevol. 67, no. 1, pp. 157-161, July 1997.

. . [16] A. Ephremides, P. Varaiya, and J. Walrand, “A simple dynamic routing
Cp Amount of capacity that has to be supplied per problem,”IEEE Trans. Automat. Contwvol. 25, pp. 69-693, Aug. 1980.
discharge request. [17] G. Koole, P. Sparaggis, and D. Towsley, “Minimizing response times
; ; and queue lengths in systems of parallel queues,” J. Appl. Probability,
r Theo_retlcal capacny of the cell. vol. 56, pp. 1185-1193, Dec. 1999, to be published.
N Nominal capacity of the cell. [18] R. M. Karp, M. Luby, and F. Meyer aud der Heide, “Efficient PRAM
q Probabmty that Charge units are required inone simulation on a diS'tI'ibUted memory machine,Aroc. 24th ACM Symp.
time slot Theory of Computingvictoria, BC, Canada, May 1992, pp. 318-326.
: [19] M. Mitzenmacher, “On the analysis of randomized load balancing
Jmax Number of discharge phases. schemes, Theor. Comput. Syswol. 32, no. 3, pp. 361-386, May 1999.

; ; 20] D. L. Eager, E. D. Lazokwska, and J. Zahorjan, “Adaptive load sharin
df Duration of d!SCharge phasﬁ, expressed as 120 in homogeneous distributed system&EE TrJans. Soft\?vare Engvol. ?
ds+1 — dy number of drained charge units. SE-12, pp. 662-675, May 1986.
gN Exponential decay coefficient; itis related to cell [21] Cadex Electronics Inc. Intelligent batteries. [Online]. Available:

conductivity. http://lwww.cadex.com/cfm/index.
gc Exponential decay coefficient; it is related to cell
pOtemla_l_ drop during the discharge _p_hase. . Carla-Fabiana Chiasserini (S'98—M’'00) received
pi([f) Probability to recover one charge unitin one tim the Laurea degree in electrical engineering from
slot, conditioned on being in stafand phas¢. University of Florence, Italy, in 1996, and the Ph.D.
- . degree from Politecnico di Torino, Italy, in 1999.
7J(f) PrObab”'ty to remain in the same state of chargt She is currently with the Department of Electrical

conditioned on being in stageand phasg . Engineering, Politecnico di Torino, as an Assistant
Professor. She was with the Center for Wireless Com-
munications, University of California, San Diego, as
a Visiting Researcher in 1999 and 2000. Her research
interests include architectures, protocols, and perfor-

mance analysis of wireless networks.

REFERENCES

[1] M. Doyle, T. F. Fuller, and J. S. Newman, “Modeling of galvanostati
charge and discharge of the lithium/polymer/insertion cell,’Elec-
trochem. Soc.wvol. 140, pp. 1526-1533, June 1993.

[2] C. F. Chiasserini and R. R. Rao, “A traffic control scheme to optimize
the battery pulsed discharge,” Broc. Milcom Atlantic City, NJ, Nov. Ramesh R. Rao(M’85-SM’90) received the Bachelor’'s degree (with honors)
1999. in electrical and electronics engineering from the University of Madras, India,

[3] H. D. Linden, Handbook of Batterie2nd ed. New York: McGraw- in 1980. He received the MS degree in 1982 and the Ph.D. degree in 1984 from
Hill, 1995. the University of Maryland, College Park, Maryland.

[4] M. Doyle and J. S. Newman, “Analysis of capacity-rate data for lithium Since 1984, he has been with the Faculty of the Department of Electrical
batteries using simplified models of the discharge processipplied and Computer Engineering, the University of California, San Diego, where he
Electrochem.vol. 27, no. 7, pp. 846-856, July 1997. is currently Professor and Director of the Center for Wireless Communications.

[5] C.F. Chiasserini and R. R. Rao, “Pulsed battery discharge in commuhlis research interests include architectures, protocols, and performance analysis
cation devices,” irProc. MobiCom Seattle, WA, Aug. 1999. of wireless, wireline, and photonic networks for integrated multimedia services.

[6] T.F. Fuller, M. Doyle, and J. S. Newman, “Relaxation phenomena in Dr. Rao has served as the Editor of the Information Theory Society Newsletter
lithium-ion-insertion cells,”J. Electrochem. Socvol. 141, no. 4, pp. from 1993 to 1995 and is the founding Web Editor of the Information Theory
982-990, Apr. 1994. Society web site. He was elected to the IEEE Information Theory Society Board

[7] R. M. LaFollette, “Design and performance of high specific powemf Governors in 1997 and 2000. He is the Editor for Packet Multiple Access of
pulsed discharge, bipolar lead acid batteries,”LGth Annu. Battery the IEEE TRANSACTIONS ONCOMMUNICATIONS and is a member of the Edito-
Conf. Applications and Advancekong Beach, CA, Jan. 1995, pp. rial Board of the ACM/Baltzer Wireless Network Journal as well as IEEE Net-
43-47. work magazine. He has been a Guest Editor for special issues of several ACM

[8] B. Nelson, R. Rinehart, and S. Varley, “Ultrafast pulse discharge arahd IEEE journals. He regularly serves as a member of the Technical Program
recharge capabilities of thin-metal film bettery technology,”lith Committees of IEEE conferences and as a reviewer for agencies such as the Na-
IEEE Int. Pulsed Power ConfBaltimore, MD, June 1997, pp. 636—641.tional Science Foundation.



