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Abstract

Nowadays, mobile devices are used more and modethair battery lifetime is a key concern. In thaper, we concen-
trate on a method calldmhttery schedulingvith the aim to optimize the battery lifetime obhile devices. This tech-
nigue has already been largely theoretically stlidieother papers. It consists, for systems coimgimultiple batteries,

in switching the load from one battery to the otfidren, while following a given scheduling sequeratbvantage can be
taken from the recovery and rate capacity effadtswvever, little studies with experimental data attbry scheduling

have been found. In this paper we describe a sisgilgp for measuring the possible gain of battemgduling, and give

some exploratory results for two types of realdréds: a smart Li-lon battery used in the Thalesg®al communica-

tion system and a more commonly used NiCd batfing. results, so far, show that system lifetime msiten is not sys-

tematic, and generally can only reach less then.10%

several scheduling schemes, also research is loeing
on what the optimal scheduling scheme is, and et

1 Introduction maximum system lifetime is [4].

Most mobile devices rely on batteries for their pow
supply. While the battery capacity is finite, thgstem
lifetime is limited by the battery lifetime. In histudy,
the battery lifetime is the time it takes to disgethe
battery from full to empty. Recharging of the battés
not taken into account. Battery lifetime mostly degs
on the battery capacity and on the level of thehdisge

These studies show that a considerable gain can
made by using battery scheduling instead of digghgr
the batteries sequentially. However, this worlaigély of
a theoretical nature. The results are obtainedyusnious
types of batterynodelsthat describe the rate capacity and
recovery effects. In this paper, we put the thetorghe

be

current. However, another important influence isvttbe
battery is used [1], i.e. the usage pattern. Wheattery
is continuously discharged at a high dischargeeriyrit
will provide less energy than when discharged ktvaer
current. This effect is termed tihate capacityeffect. An-
other important effect is theecovery effectduring peri-
ods of low or no discharge, the battery can rectves
certain extend, and deliver more energy.

Influencing the usage pattern of a battery is hiard sin-
gle battery system. However, some devices allow
connection of multiple batteries. In these systemss can,
instead of using the two batteries sequentiallyitchwbe-
tween the batteries. In this way, one can easflyénce
the usage pattern of the batteries.

Battery scheduling can be done in many differenysya
for example by choosing the battery that has tighdst
output voltage or by switching with a fixed freqogrbe-

tween the batteries. Some research has been ddirelen developed [5]. Parts of these models have been tgsed

ing the best way to schedule the batteries, fompka [2,
3]. Besides comparing the system lifetimes obtaihgd

test. In a two-battery system one of the simpleedaling
schemes is applied, and the battery lifetime issuesal.
The results show that some gain is reached, buithis
gain is relatively low compared to the modelingutes
and not systematic. Moreover, a strong dependendiie
parameters of the battery and the currents prdéikes ex-
ist.

The rest of the paper is structured as follow. iBacg

gives an overview of the main approaches takerhén t
tfiterature to model battery scheduling. In Sect®rhe

scheduling experiments are described, and thetseard
given in Section 4. Finally, we conclude in Sectton

2 Battery Scheduling

The scheduling of batteries has attracted quitecsatben-
tion in the literature. The studies are mainly tle¢ioal.
Over the years various kinds of battery models Hmen

study the problem of battery scheduling. We conside



here the main approaches. The most important sthgdu these schedulers are much better than the sequsatia
schemes that are studied are: duler. The model actually shows that sequentiatdah
- Sequential scheduling: another battery is onling results in the shortest lifetime possible.
picked when the previous one is empty.
Round robin scheduling: at fixed moments irAll these studies show that by applying batteryesith-
time another battery is used. The batteries afgg, the system lifetime will be extended. Howevitie
used in a fixed order. improvement varies a lot between the different niiade
Pick-best scheduling: at fixed moments in timePproaches. Where Benini et al. predict an avenage
the status of all batteries is checked and the bedtovement of approximately 11% for a two batterg-sy
battery is used. What is the best battery can fem, Chiasserini shows improvements of more than
determined in several ways, for example the baf00%.

tery with the highest voltage, or the battery that ) _ _ )
has been used for the shortest period of time. Besides the theoretical studies, little practicalrkvhas

been found. The only paper know to the authorsyis b
In [3], Benini et al. use an electrical-circuit neddo de- Bruni et al.[7]. They apply a high frequency rourdbin
scribe the batteries. They consider sequentialdsdimg, schedule in a two Ni-Mh battery system. The measure
round robin scheduling and various types of picktbe ments show that the lifetime improvement dependthen
scheduling, where either the output voltage or tthee  discharge current. It increases from 10 % at 600tmA
that a battery has not been used determines whittaryp approximately 100 % at 3 A.
is to be scheduled. The different scheduling sclseane
applied to several battery configurations contajnip to 3
four batteries. The loads that have been usedienges
continuous and intermitted loads and two real-difam-
ple load prqfiles. Which scheduler pe_rforms begletiels  5oal of the experiment
on the applied load. However, Benini et al. do shbat
for round robin scheduling, the system lifetimeresses
when the switching frequency is increased

Experiments

The theoretical results on battery scheduling asey v
promising in the literature. One may wonder if Hadtery
lifetime can be extended significantly under preatticir-

In [2], Chiasserini and Rao use a discrete-time Kdar cumstances.

battery model to compare three different schedulin
schemes in a multiple battery system. In the moithe,
recovery of the battery is considered as a randaoegs.
Also, the workload is stochastic. Next to the comiyo
used round robin and pick-best scheduler, alsmdoma
scheduler is considered. The schedulers are comhfare
different job arrival rates. The results show tteg best- )
of-two scheduler outperforms the other two. Howetee EXperimental setup
complexity of the used models limits the analysisdses

with only small batteries. The batteries

‘?he goal of the experimental setup is to verify thiee we

can improve the lifetime of real battery-operateglip-
ment by applying scheduling over two identical Gags.

To answer these questions, we have performed devera
experiments on two types of batteries.

The goal of the study is to find a way to improke tife-
time of the Thales personal communication systeted
CIM (for Communication and Information Module) or
MOOVE (Mobiele Openbare Orde en Veiligheid Eenheid,
for Mobile Public Order and Security UhitThis system
aims to centralize the data for a radio, a GPSisplay,
and other devices constituting the useful equiprient
ny kind of urgent or dangerous interventions (mlfire
ighters, army).

In all this work the battery scheduling is limitedsimple
deterministic scheduling schemes. All show thatdrgat
scheduling gives longer system lifetime than whee t
batteries are used sequentially. However, they atom
dicate whether longer lifetime could be possibleusing
even smarter scheduling. In [6], Sarkar and Adaprau
pose an algorithm for computing an optimal scheduli
scheme based on the stochastic battery model of C
asserini and Rao. To do this, they translate tbblpm to
a stochastic shortest path problem. The optimaltiswi
can only be computed for very small batteries. Hmwe
they do show that best-of-two scheduling performose
to optimal.

The system is powered by two independent batteries,
which are the first type of batteries used in oxpegi-
ments. These are based on the Li-lon technology and
characterized by a nominal capacity of 7 Ah under a
nominal voltage of 14.4 V. Some electronics is alidé¢o

the battery pack in order to makesihart that is to say to
control the charge and the discharge (so-called bz
ancing) and to provide an I2C-like interface (SMpBfw

the system.

Another optimization approach is taken in [4]. Hettee
batteries are modeled using priced-timed automafith
model checking techniques the schedule that gikies t
maximum lifetime is computed. The result is compaie
the simple sequential, round robin and pick-bekedal-
ers. Although the results show that the round rainid
pick-best schedulers are sometimes far from optimal
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Figure 1 Measurement setup - Devices interconnection.

Voltmeter

HP 34401A Battery

So far, a simple sequential discharging algoritemsed:
the second battery is used only when the firstisrmm-
pletely discharged. The reason for this is mainbgra-
tional. It should be avoided that a personal conigain

Figure 2 Measurement setup — The devices.

Discharge measurements

tion system runs out of power with no backup bgtter, simple C program is used to monitor and log tie d

available.

The second type of battery used for the experimsnis
NiCd battery as is commonly used in remote corecbll
cars. These batteries are characterized by a nbana
pacity of 1.6 Ah under a nominal voltage of 7.2 V.

For both cases, the same experimental setup is lised
described in the following paragraphs.

The devices

The most important contribution of battery scheulylis

supposed to be the extension of the lifetime, wiiscie-

lated to the capacity (in Ah), or the amount ofrglea that
the battery can deliver before getting empty, hefore

the cut-off voltage is reached. So, in order to snea the
effect of the scheduling it is necessary to meashee
provided capacity. To do so, different devices avail-

able, including the Amp-hour meter, the Watt-howten,

or the Coulomb counter. For practical reasons, kewe
an indirect way has been chosen: the capacitynigpated

indirectly from the measurement of the current algAc-

tually, the capacity is nothing else than the irdéign

over time of the current intensity.

Figure 1 shows a schematic picture of the usediitirc
The actual setup is illustrated in Figure 2. Theicks
that have been used are:

charge process, looping until the battery is disgba (the
cut-off voltage is reached).

The first series of measurements consists of digaing
the battery with a constant current. During the ezixp
ment, the voltage and the current intensities amepsed
with fixed intervals. In the end, we obtain theatiarge
time and can compute the provided capacity by nigaler
integration over the discharge time. This firstiegiaims

to give us a reference point (without schedulirgyvhich
we can compare the results of the second serigh (wi
scheduling). It also illustrates the rate capaeffgct.

In the second series of measurements, we simutate t
scheduling using a single battery. The purpos® ish-
serve the impact of scheduling, and not to implenzen
real scheduling system. The real implementation inan
deed be relatively complex, requiring a circuitnianage
the switching between the batteries, and an alguorito
determine the switching sequence. Instead, wdqogtat
the behaviour of one battery in a two-battery syste
where a battery is used half of the time. The saliegl
algorithm we use is the round robin schedule. Adicay
to the theoretical results, cf. Section 2, withbaing the
best algorithm, it can already provide significaxten-
sion of lifetime compared to sequential schedulihbe
advantage of using the round robin scheduler isitltan
be implemented quite easily. The alternating bgattes-

an electronic load (model HP6060B) to draw dection is simulated by turning on and off the &lenic

constant current from the battery ;

load.

a multimeter (model HP34401A) set as an AmProc_eeding in t_he same way than fo_r the first setiee
pere meter and put in series in order to measup$ovided capacity and the discharge time are coeput

the current drawn precisely ;
a second multimeter (model HP34401A) set as

Fhe two measurement series can then be compared, an

Voltmeter and put in parallel in order to monitoriS NOW possible to determine whether battery scliegiu
that the battery voltage does not drop too londoes improve the delivered capacity. We expect et

which could damage the battery.

The devices are connected to a computer via a GR#4B
This allows us to get and log the measured valueisal-
so to automatically configure the devices.

improvement is such that the discharge time of loaie
tery using a scheduling algorithm is at least twasdong
as the discharge time of the first series, or eajaivly,
that the capacity delivered by one battery increéssuch
an algorithm is used.



For the first type of battery (Li-lon), attentioras nor-
mally to be paid to the charge and the dischargegss
so that the battery does not get damaged. Fortyné#tes

is managed by the embedded electronics and an@ppro
ate charger.

For the NiCd batteries, this kind of smart managanie
not used, neither within the battery pack, nor imitthe
charger, and all the management has to be doneaityanu
Moreover this kind of battery can suffer from a nogmn
effect, if the charge-discharge cycles are not doma-
pletely. Indeed, due to crystallization of the &ledes,
this effect causes the battery to deliver only ¢hpacity
used during the preceding repeated charge/disctarge
cles.

The following assumptions over the full and empBtes
of the batteries have been considered during #is.te
The state-of-charge of the Li-lon batteries is dateed
by the integrated electronics. When the battedeigcted
as empty, i.e. when the cutoff voltage of ~12Veaahed,
the battery cells are actually disconnected froenithttery
pack output. For the charging process, a smarigehas
used, which communicates with the electronics efttht-
tery pack, and stops the charging when the cedisder
termined as full.

For the less smart NiCd batteries, the empty stataid
to be reached when the voltage drops below theoffut-
voltage of 6 V. The full-charged state is considet@ be
reached when the battery is heating (due to chémgea-
tion at the end of the charging process), and wherol-
tage get stabilized around 8.8 V.

As was mentioned previously, two effects have tddke
en into account when talking about batteries: tte ¢a-
pacity effect and theaecoveryeffect. The scheduling si-
mulation can be performed by varying different paea
ters impacting on these effects. For our experiment
worked with two most important ones. The first paeter
is the level of the discharge current: as we hdready
seen, the larger the current, the larger the rafmaty
effect. So, a high current drawn continuously eadlto a
smaller delivered capacity than a small continuous
rent. The second parameter is the frequency o$t¢hed-
uling/switching: the larger the switching periochet
smaller the recovery effect. This parameter alspoads
to the rate capacity effect: if a large currentliawn, the
switching may reduce the results of the rate caypadi
fect.

Given the rate capacity effect and the recovergotff
drawing a constant current has the worst impacthen
battery lifetime.
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Figure 3 Rate capacity effect for the Li-lon batteries.

4 Results

Using the experimental setup described above atienf-
ing measurements have been done.

For the smart Li-lon battery type, the experimemse
been done with two identical batteries. The batehave
been first discharged without scheduling using ¢bae-
stant current values of 250 mA, 500 mA, 750 mA,,1 A
15A, 2A and 2.5 A. With scheduling the batteraas
discharged using an intermitted load with fixedaoml off
periods that are either 0.5 or 5 seconds long. &\ihiée
experiments are time-consuming, the discharge wotgre
are a subset of the continuous currents: 500 m#A ahd

2 A

Concerning the NiCd battery type, still for timirgasons,
a reduced set of points has been considered: 5QQLMAA
or 2 A, without scheduling and, with schedulingg gtame
only a switching periods of 0.5 and 5 seconds aeslu
Two batteries of each type are used.

So far, the series of measurements is not largaginto
be able to draw a definitive conclusion. More measu
ments points are necessary in order to distingtisireal
mean points from the irregular and erratic measeram
points. Nevertheless, we can already see a tretitkine-
sults.

Figure 3 and Figure 4, from the first series of suza-
ments, aims to show the rate capacity effect. Witiie
effect is not really obvious in Figure 3 for thelbn bat-
teries, it can be observed more clearly in Figufer4he
NiCd battery, where the delivered capacity decreasth
the current intensity.

An explanation of the distinctions in the resuletvieen
the two types of battery can be found in the faet the
Li-lon batteries are enriched with some electroninak-
ing themsmart while the NiCd batteries are used with-
out.

Another explanation can be the difference in timaimi-
nal capacity: the batteries may not react in theesway
to the used discharge currents.



N . No 0,5s sched. 5s sched.
16 p———— Battery Disch. | sched.

—&— NiCd2 Curr. ()| cap. Cap. % Cap. %

15} (Ah) (Ah) (Ah)
0,5 1,440 | 1,470 | 2,1% | 1,457 | 1,2%
£ 14 NiCd1 1 1,218 | 1,261 | 35% | 1,283 | 53%
z 1,193 | 1,095 | -82% | 1,164 | -2,4%
5 13 0,5 1,352 | 1,451 | 7,3% | 1,420 | 5,0%
3 NiCd2 1 1272 | 1222 | -39% | 1,205 | -5,3%
s, 2 1,008 | 1114 | 15% | 1086 | -11%
° SN 05 | 6957 | 708 | 1,8% | 7,184 | 3,3%
Ll O Lilon1 1 6,874 | 6418 | -6,6% | 6,649 | -3,3%
6,005 | 6546 | 9,0% | 7,265 | 21,0%
0,5 6,808 | 5942 |-139%| 6,547 | -5,1%
Y 05 1 15 2 25 Lilon2 1 6,922 | 6,003 | -13.3%| 5,824 | -159%
Discharge Current (A) 6,335 | 6,868 | 84% | 5927 | -6,4%

Figure 4 Rate capacity effect for the NiCd battery. Table 1 Capacity extension

Table 1 shows the relative lifetime extension fathb .
types of battery while using scheduling. Both schied 5 Conclusions

periods of 0.5 and 5 seconds have been used foMi@®& | . . . .
battery and for the Li-lon battery. Literature regards round robin scheduling as a Biog

One can see, for the NiCd batteries, that the gaires way to _improve the system Iifetimg for systems cosl
between —8.2(,%) and +3.5% with the 6.5 seconds sd:hedOf mult!ple batteries. These studies are mainlyetdasn
ing, and between -5.3% and +5.3% with the 5secon(lh:eqret'calI battery models. Wﬁ hav_e dfeveloped an ex
scheduling. For the Li-lon batteries, the gain earbe- pergment_a §etup to measurlet e(?amsh or ;W?hmsl
tween -13.9% and +9% and between -15.9% and +21% atten_es._one as currently used in the Thatesqnal
respectively communication system, and one comparable set tdrbat

: ; o ies which are taken off the shelf. Despite our heghec-

According to the literature ([3]), the smaller theitching . X !
period, the bigger the battery lifetime improvemen%at!ons and the theoretical support, it appea.red the
should be. This is not seen in the experiments. gain to_be expected frpm ro_unq rob|_n scheduhn@ils_ler
unpredictable. The gain in lifetime, if any, is rast high

. as predicted by the various models, and not sytsiema
The results are not fully as expected. In the gisenhof Concerning the Li-lon batteries, this effect is ably

experiments some anomalies were observed. Schgduli LD e :
does not always improve the lifetime, and the gtoes sqrengthened due to the electronic circuitry inlibgeries

not have a monotonic relation with the current. Tae that control the discharging. However, so far, we @ot

sults obtained so far cannot be fully explainede @x- able to confirm the results given in [3].
planation can be found in the fact that the measarn - o
process is not the most accurate in comparisonavigal  YVaiting more promising results, we do not see &agon
Amp-Hour meter. Furthermore, it is difficult to dbe 0 change the battery system used in the Thalesopal
measurements in exactly the same conditions. Hie ef COMMunication system for the moment, even moreis i
the battery before each discharge is hardly evecigely unce_rtaln whether any positive gain can be obtaiaied
the same, as the battery ages and thus its paramaty.  any time..
For thesmart Li-lon batteries, we can find an other ex- ] o
planation for the unexpected results in the presesic Based on the outcomes we have obtained so faimprel
some electronics inside the battery pack, whichtrots Nary conclusions can already be drawn. Howevethéar
the cell balancing and thus the discharge of thebes. ~ €xPeriments are to be conducted to more firmly a@nst
our claims. Therefore, much more measurements goint
Nevertheless, more measurements points should de m&ré needed to be able to distinguish the erratiasone-
in order to get better statistics in the resultsceling the Ments from the mean points. An other parametetuys
measurement errors and the erratic points. further would be also the switching frequency. Hoare
to do this, the set-up needs to be changed, sheeet-
sponse time of the currently used devices prevests
from easily use higher frequencies..
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