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Abstract The paper bgins by describing the ideal characteristics
of batteries in Section 2. Then Section ¥ars the non-
This paper describes non-idealoperties of batteries ideal characteristics of batteries and thgiales of opera-
and how these pperties may impact pow@erformance  tion where the characteristics aséhibited. Section 4 pre-
trade-ofs in weaable computing The fist part of the  sents simulation results from a first-principlesyiable-
paper details the laracteristics of an ideal battery and load model of Li-ion cells. FinallySection 5 summarizes
how these ltaracteristics ae used in sizing batteries and ways in which the non-ideal battery properties can be
estimating dislarge times. ¥pical non-ideal baracteris- exploited.
tics and the egions of opeation whee the occur ae
described. The paper thenwass results fom a fist-prin- 2. ldeal battery properties and dischage time
ciples, variable-load battery model, showingelik aras estimates

for exploiting battery behavior in mobile computinghe ) ) )
major result is that when battery behavior is non-ideal, The two most important properties of batteries from the

lowering the aveage power or the engy per opeation viev\_/point of someone using them am@tage and capaci_ty
may not incease the amount of computation that can be AN ideal battery has a constaruitage throughout a dis-

completed in a battery life chage, which drops instantaneously to zero when the bat-
tery is fully dischaged, and has constant capacity for all
1. Intr oduction values of the load, as shio in Figure 1.

Two of the major constraints on mobile and wearable  For sizing batteries, the battergltage should be in the
computing are size and weight, of which the battery is aallowable range of the peer supply of the dece in ques-
large portion. Reducing the battery is thuseg to reduc-  tion. The battery eitage is considered to be the ratett-v
ing the aerall system blk. The usual approach to achie  age of the batterye.g. 1.2V per cell for NiCd batteries and
ing this is to decrease the vper consumption of the 3.6V per cell for most Li-ion batteries. The apaicapacity
hardware, either by pser management, putting unused of the battery is typically gen in terms of Amp-hours or
systems into kv pover modes; or by a peer-performance  milliAmp-hours and is called the battesy’C” rating. The
trade-of, completing a computation at a wler speed for ~ C rating is used in the battery industry to normalize the
less paver. While paver management and \wer-perfor- load current to the battesytapacity [6]. The adwntage of
mance trade- are important for all mobile computers, C ratings is that it alles battery manuicturers to present
they are more so for wearable computers because of theipne graph of dischge cures for batteries of similar con-
performance intengeé user intedices and their tighter con-  struction lut different capacities. Loads are then measured
straints on size and weight. Ri@us work in paver-perfor- relative to the C rating, e.g. a 10 mA load on a battery with
mance trade-¢¢ attempted to minimize the eggrdelay  a rated capacity of 100 mAh is a load of 0.1C.
product [4] or the engy per operation [9]. When the sys- ) ) ) ) )
tem is battery-poered, haever, minimizing either mea- For mobile systems, the dischartimeT |s_us_ually esti-
sure may not maximize the computations per battery life. Matéd to be the battesytated vitageV multiplied by the
Non-ideal battery properties may come into piywill be ~ chage capacitC, divided by the werage pwer P of the
shavn using both simulation results from a first-principles SYyStem, OfT = (CxV)/P. The rated eltage multiplied by
battery model. These properties must be considered durin@{'e chage capacity is the battesyhominal engyy capac-
wearable computer design and for safter control of ' typically given in Matt-hours (1 Wh = 3600 J). As Sec-

power management and wer-performance trade-fsf tion 4 will shaw, this method will @erestimate the battery
life if the load has a lge peak alue.
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Figure 1. Characteristics of an ideal batter y: Constant
voltage and constant capacity

3. Non-ideal battery properties the battery construction.

While ideally a battery has constamtitage and capac- It is widely knavn that the batteryalftage \aries during
ity, in practice both ary widely Figure 2a shes the bat-  gischage. For example, paver supplies are usually rated
tery wltage as a function of disclgar time for tvo over a range of inputaltages. When a peer supply is
different loads. Load 1 is smaller than load 2. Because of ged with a batteryt is necessary to ensure that the range
resistance and other losses, tbéage throughout the dis-  f the supplys input ‘oltage includes the range of the bat-
chage is laver for load 2 than load 1. Theltage for each ey \oltage during dischge. Since thealtage ariation is
load also dropser the course of the disclgar due to  yjigely knawn, this paper will not focus on it. The non-
changes in the battesyactve materials and reactant con- jgeal capacity properties, on the other hand, are not widely
centrations. known, and so will be the main subject of the remainder of
this work. Given that a batterg'dischage time is typically
estimated using idealalues of wltage and capacitythe
loss of capacity can lead to ameoestimate of the dis-
chage time for lage loads. While a chart such as Figure 2b
or a model such as Parks equation [6] alles one to
account for the loss of capacity for loads that are constant
and continuously on, in general loads are intermittent and
variable. If receery occurs, then the duration of thd of
100% at lov rates because the C rating is specified as theETr(:ioc: ;?ﬁslgidtimgsgr?g ifg&?iﬁ:ﬁg Olrr]] iﬁgg;g t:]oatthe

capacity for a gien time of dischae. The capacity in Fig- account for both capacity loss and nesxy are needed to

ure 2b vas measured at the 2 hour rate, since 100% capacs S .
determine if receery occurs for the loads encountered in

ity occurs at 0.5C. If the capacity had been measured at thﬁqobile computing. and if so. to proerly estimate batter
10 hour rate, 100% ould have occurred at 0.1C.) puting, » 10 properly y

lives for intermittent loads.

The capacity alsoaries with the &lue of the load. The
two major vays in which it aries are loss of capacity with
increasing load, and anfe€t called receery where an
intermittent load may he a lager capacity than a continu-
ous load. Figure 2b st the loss of capacity with increas-
ing load current for a typical NiCd batterfJhe capacity
decreases by about 40%e0 a range of dischge rates of
0.1C to 10C. (Note that the capacity in Figure 2beeds

The second non-ideal capacity propgentgcovery, is ] .
shawn in Figure 2c. A reduction of the load for periods of 4. Results with Doyle$ variable load model

time results in an increase in battery capadihe ltage The typical load of a mobile computer system is not
rises while the load is reduced, and tierall time of dis-  constant, bt variable. A model is needed, then, to estimate

chage increases. This phenomena occurs because, duringe dischage time with \ariable loads. A ariable-load

fuse to the reaction location, alllmg more of them to be

used during the life of the battefijhe dgree to which the  Accurate relatie capacity information (i.e. if geral
battery recwgers depends on the discha rate and the loads are simulated, then the model should correctly
length of time the load is reduced, as well as the details of predict the relatie difference in dischage times,
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Figure 2. Non-ideal batter y properties: (a) v oltage change, (b) loss of
capacity , and (c) reco very (after [6])
even if the actual diérences are inaccurate.) Figure 3 shws the model results for battery capacity
. : . versus gerage pwer for continuous dischges w@er a
Applicable to a ariety of battery types range of loads, and for intermittent disaes for seeral
* Intuitive parameters and betar combinations of peak peer and duty ycle. The inter-
. Ease of correlation to actual cells mittent dischages were squareawes with an dfpower of
0 W/kg. The tvo major features of the results are that the

Of these four criteria, the first is the most important for capacity decreases as the loadwgo increases for
this paperThe last three will become more important when continuous loads, and that there is a range where the peak
battery models are more widely used in mobile systempower of an intermittent load rather than tverage pwer
design. A number of battery models wereesticated is a stronger indicator of the batteyycapacity For
[11[3][5][7], but Doyle’s model inspired the most confi- example, the 300 W/kg continuous load results in a battery
dence due to its ling been created solely for Li-ion cells capacity of 90 Wh/kg (point A in the figure) and the
and due to its use in industry [2]. The other models had no75 W/kg continuous load results in a battery capacity of
been created for use with Li-ion cells and hence resultsl40 Wh/kg (point B), while the intermittent load with a
with them would have required length correlation with peak paver of 300 W/kg and dutyycle of 25% (i.e. an
actual cells before their predictions couldvéabeen average pwer of 75 W/kg, point C) results in a capacity of
trusted. approximately 100 Wh/kg. Thus using theeege pwer

. of this intermittent load wuld over-estimate the battery

Doyle’s model vas used to study thefeft of inter- capacity by about 40% (i.e., points8140 Wh/kg wuld be
mittent dischages on the capacityt was found that peak expected), while using the peak wer would under
power predicts battery capacity better thaerage pwer. estimate it by only about 10% (i.e., pointsA90 Whikg
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Figure 3. Do yle's Li-ion model results f or capacity ver sus average power, showing diff erence
between contin uous and intermittent loads of same a verage value.

would be @&pected). © put these results in more common average pwer. But agin, reducing the ac paver will
terms, the 75 W/kg continuous load Buwid have a battery  result in a bigger increase in battery life when thevacti
life of about 1.9 hours, while the intermittent load C, with power is lage. This means that the focus should be on
the same \&erage pwer, 75 W/kg, wuld hare a battery  reducing peak pwer rather than reducing dutyate.

life of about 1.3 hours. Only when the peakvpois belav

about 50 W/kg (about a 3 hour disafarwhen continu- For a more concretexample of each method of reduc-
ously on) vould the peak andvarage pwer gve about the ~ iNg erage pwer, consider the dynamic per profile as
same estimate of battery life. shavn in Figure 4. The \aerage pwer, Py, is equal to

(Pactive * tactive t Pidie * tidie)/teycie T0 reduce thewverage

The characteristics displayed in Figure 3 mean that min-power P, the actre paver can be reduced (A), the idle
imizing enegy per operation may not maximize computa- power can be reduced (B), or the getduty gcle can be
tions per battery life. & example, suppose a mobile reduced (C). able 1 shws the results from Bde’'s model
system has a dynamic yer profile that is gclic, having for the waveform of Figure 4. The aweform was simulated
periods of actiity with a high peak pwer followed by idle for three diferent \alues of initial aerage pwer, and the
periods of lev power. If one has a choice between a 20% desired reduction inverage pwer for each caseas 20%.
reduction in the engy per gcle by reducing the idle As expected, reducing agt paver (A) results in the great-
power and a 20% reduction in the emerper gcle by est increase in battery life when the pealvgois lage.
reducing the aote paver, the aerage pwer is reduced by  Reducing idle peer (B) alvays results in the least
20% in both cases. If the battery capacity were constant agicrease in battery life. Reducing the duggle (C) alvays
is commonly assumed, oneould expect that the battery does better than reducing the idlemeo and does as well
life would increase by attor of 1/(1-20%) = 1.25 for both  as reducing peak per only for the lavest \alue of peak
cases. But because the capacity is determined by the pegdower. But when the peak per is lager, reducing the
power, the battery life will be increased more by reducing duty g/cle does not increase the battery life by as much as
the actve paver than by reducing idle per. Not only will reducing the acte paver.
the arerage pwer be reducedut the capacity \ailable )
will be increased. Hence, once all the subsystems that can The column labeled “% dirence from xpected
be put into idle mode are put into idle mode, one shouldrefers to diference between the simulated battery life of
focus on reducing the p@r during the acte time rather ~ the modification and whatauld be &pected gien the ini-

than focus on reducing theyser during the idle time. tial battery life and theattor by which the peer was
reduced. Br example, the initial battery life of the awe-

A second rample is if the designer has a choice form with the 300 W/kg peak peer is 51 minutes.
between reducing the aati time and the aet paver by Because thevarage pwer for each of the modifications is
some #&ctor Both will result in the same decrease in the 80% of the initial vaveform, one wuld expect the battery



Table 1. Doyles model results br waveform of Figure 4.

Waveform Duty Cycle, Peak pwer, Idle powver, | Average pwer, | Battery life, % difference
modification tactiveltcyde% Wi/kg W/kg W/kg minutes from expected
none 20 300 75 120 51 --
A 20 180 75 96 83 +30
B 20 300 45 96 67 +5
C 9.3 300 75 96 68 +7
none 20 200 50 80 87 --
A 20 120 50 64 132 +21
B 20 200 30 64 117 +8
C 9.3 200 50 64 118 +9
none 20 100 25 40 202 -
A 20 60 25 32 268 +6
B 20 100 15 32 253 0
C 9.3 100 25 32 268 +6

life for them to be 51/0.8 = 64 minutes. But this ignores the battery life of the typical notebook computer is greater than
non-ideal capacity bekir. As the results slig the non-  what users realize in practice: Suppose the notebook manu-
ideal capacity belvior can cause tavloads with the same  facture is adertising an estimated battery life rather than a
average pwer to hae greatly diferent battery lies. The measured one. If the mamturer estimates the battery life
dynamic paver must be considered as well as therage by using the batterg’rated capacity and theesage pwer
power. of the system, then the estimate will be togédnecause of

the loss of capacity of the battery at higher rates. While the
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Figure 4. Dynamic po wer pr ofile e xample . Modifications A, B, and C reduce
the average power.



adwertising a longer battery life than is acl@ble in prac-
tice, olviously a motve to be considered, thenay simply

low power operation in wearable computing.

be using the rated battery capacity rather than the capacity\cknowledgments

available at the noteboakpeak pwer.

The results shen in Figure 3 and from other simula-
tions with Dgyle’s model (not shen due to space limita-
tions) shav that recoery is a much smallerfetct than loss
of capacity for loads thatauld be typical of mobile com-

The authors are fiifated with the Warable Computing
Laboratory at the Institute for Compld&ngineered Sys-
tems at Carrgie Mellon Unversity The Wearable Com-
puting Lab recees funding from the National Science
Foundation and BRPA. The authors are grateful to Marc

puting. This has te consequences. First, models of battery Doyle for allaving access to his battery model.
behaior under continuous loads can be used to estimate

battery life. Second, continuous disdaes are stitient
for measuring the &fct of a change toVeer paver so long
as the engy consumed while the system is idle is
accounted for

5. Conclusions

Because the battery is aykfactor in the gerall system
weight and wlume, its characteristics must be carefully

considered. Non-ideal battery properties can lead to mis
estimates of battery life. Models that capture the non-idea

behaior are necessary both for wearable computer desig
and for softvare control of pawer management and wer-
performance trade-fsf [8].

In summarythis paper has sha the follaving:

 Battery capacity will &ry with load pwver.

» Peak pwer is a better indicator of battery capacity
than aerage pwer. Estimating battery life using
average pwer can be eerly optimistic if peak
power is lage.

Total system pwer must be considered. \Wex-per-
formance trade-é8 made by xamining a subsystem
in isolation may not lead to an increase in the com-
putations per battery life because total peakgras
ignored.

Peak pwer should be reduced wheeeg possible,
which means background operations should be per-
formed serially rather than concurrentBerial oper-
ation is better than concurrent operation when each
consumes roughly the same ager

Reducing actie enegy is more important than
reducing idle engyy.

Continuous behaor can be used to estimate inter-
mittent behwior.

Because of non-ideal battery betws, reducing serage
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