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Abstract—Increasing the capacity of existing battery technolo-
gies could play an important role in today’s mobile society.To
improve the reliability and efficiency of modern portable power
sources, it is critical to not only manage the hardware and
software relying on the power, but also the discharging of te
battery cells. In this work, we propose an alternate methodcalled
autonomous battery clusters (ABC), of building batteries ad new

ways to manage the discharging of the individual power cell.

Our three discharge management policies attempt to maximi
the energy utilization of any devices that could be powered Y
Lithium lon batteries. Experimental results showed an incement
of up to 16.2% of the power delivered by battery cells in a healy

that could be safely and cheaply extracted from an existing
cell is certainly an important contribution.

As we know the typical chemical battery creates a potential
between the electrodes as a result of a chemical reactibimwit
its body. If we look deeper into the reaction, we will notice
a surprising phenomenon that the potentially useful capaci
is not actually discharged, part of it is locked in the Litimiu
lon cell [14]. As Figure 2 describes, the cell produces eperg
through an oxidation-reduction reaction which resultsha t
transfer of electrons from the anode to the cathode. It cause

loaded situation, which would amount to a much longer runnirg
time of any device requiring mobile electric power source.

Index Terms—Energy Efficiency; Energy Management; Bat-
tery Discharging

a current through the circuits connected to the lithium ielh. c
Lithium ions move from the cathode to the anode. They are
consumed at the electrode surface and replenished byidiffus
from the electrolyte. A crucial observation is that when the
battery is under a heavy load, the diffusion process is rsit fa
enough to compensate the consumption rate. The mismatch
Mankind’s natural inclination for mobility has always beenyill eventually result in a build-up of a concentration giextt
a strong driver for social and scientific progress. Over thgross the electrolyte. The higher the current is, the highe
past decades, we have successfully gone through iteratigis build-up of the gradient and the lower the concentration
of different kind of batteries, extending the operatiorifd | of Jithjum ions at the electrode will be. Obviously, when ion
span and capacity of battery cells. Portable power cells toncentration at the electrode surface drops, so does tiezyba
day are easy to maintain, quick to charge and safe to uggitage. The electrochemical reaction in lithium ion baée
The most familiar battery is lithium-ion battery, which hagan not continue if the voltage falls below a given limit, wii
twice energy density of standard nickel-cadmium, and eagysults in loss of power from the cell. A certain amount of
to maintain since there is no memory and low self-discharg@farged ions remain at the cathode, which is a potentiaggner

[2]. Therefore, many applications use lithium-ion batt@y that remains untapped. Through this discovery, we could
their power supply, such as electrical vehicles, enerfjgieft

cargo ships and locomotives, aerospace [5][13][19]. Ndlgma
the voltage of a lithium-ion battery cell is 2.8-3.7 V [2]. It
could not offer enough power for electric devices, like tapt

or radio-controlled model in cars, boats, planes, and even
in helicopters. In order to get the required working voltage
we usually series/parallel connected the cells. As Figure 1
shows, the battery is composed of 8 cells, the total capacity
is 50 ampere-hour, it can get 30 volts [3]. Usually the radio-
controlled model is powered by 3-cell battery, and laptops’
battery is 6-cell or 9-cell.

The number of the electric devices we use increases, so
dose the requirement of battery’s capacity and size. Hokyveve
adding capacity to existing battery technologies comeh wit
significant trade-off: the more capacity a battery has, dngdr
the cell-size will be, which inevitably brings higher ovitra
transportation cost. Therefore, every additional bit qfazity

I. INTRODUCTION

Fig. 1. Prototype lithium-ion 8 cells, 30 volts battery.



search for a method to unlock a hidden potential of the ptetalan electric device relying on Lithium lon batteries with wup t
power container, “add” capacity to the system without dbtua 16.2%.
increasing the weight and changing the physical constmcti In this paper we have two contributions:

The physical gap between the electrode and the remainiisg ion, we propose Autonomous Battery Cluster (ABC) system,
is the reason for the appearance of total battery exhaust. Ou which could control cell groups and increase battery
goal is to find a way to resolve this chemical lock-up and  working time without complex modification of present
provide a path for the ions to the electrode. Fortunatehyaf hardware.

can provide a sufficient rest period, the gradient will dizeqr,  , |n addition, we implement the system and three dis-
which allows the remaining capacity to be utilized. charging policies. Multiple experiments prove that it

Another reason for losing battery capacity is the cell bal-  can increase working time up to 16.2% under heavy
ancing problem. We know that in order to satisfy the voltage workload.

requirement, we use series/parallel connected battety. cel

. . In the following sections of this paper, we introduce the
Manufacturers try their best to put same cells in a batte/[\yBC System we designed, which could control the battery

pack, these cells have same state of charge, self-dischaggﬁes' And some corresponding policies to test the perfogeaa

rate,_capacny and SO on [6]. However, no two cells alfi Section 1. The implementation of these policies and devi
identical even they are in the same production pool. Thdﬂs“% addressed in Section lll. Following that, we describe our

differences in these parameters will lead to a huge misma eriments and evaluate them in Section |V. Related work

after using the battery for a certain time. Some of the cel d concluding remarks are described in Section V and
become less capacity, when these cells hit the lowest \mltagection VI respectively

limitation, the system will shut down the whole battery for
safety. Because good cells are not fully discharged, we lose 1. SYSTEM DESIGN
total battery capacity [7]. The charging process is the same
These cells charged so fast that good ones could not reach the

. ; In this paper, we propose a method to deal with the problem
fully charged status. Since we treat the cells as an entaaty pap brop P

of batteries holding back charge. Our approach allows &batt

ceg couldtllnflugnct_e :he b(?tte%i peg‘ormlance. h belen 0 be used to its fullest potential by giving each hard-wogki
urrently, scientists and software developers have ell time to recover. Since a traditional Li-lon battery sists

to extend the running time of a device per battery charge %

. . . } multiple 3.6 volt cells, we split them in parallel connedt
either adding capacity to the power storage or decreasiag C. Each ABC only supplies a fraction of the total capacity,

ponsumption[Zl]. In the first case, the _wgight of the deVi(ﬁeleasured in mili-Amper hours (mAh). Since each ABC can
increased. In the second case, a variation of the Sonwg&ver the device for a short time by itself, we choose to use

approach to increase battery life per charge is implemen e ABC at a time and give sufficient time for others ABCs

by using software to supervise dewces_ and cut down tﬁ? rest and recover from the previous load. Thus we create
unnecessary energy consumption[17]. Either of these case

. : 3 §ystem of alternating ABCs, which have the potential to
requires the user of the battery-powered equipment to makﬁ1
significant sacrifice. In this paper, we propose a new metmodiﬂ our experimental setting.

extracting more energy from existing battery technologiilk The ABC system is a modified version of the existing
minimal changes to the present hardware and the additionL(ﬁfhium lon batteries on the market. Most portable eledtron
a non-resource intensive software for battery monitoring a

control. The proposed method can extend the running time of

&rease the capacity of an existing system with up to 16.2%
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Fig. 2. The chemical reaction inside the battery. Fig. 3. The design of current laptop battery.



Hardware

Fig. 4. Inside of the thinkpad 60 series battery. Lithium lon Cells

. o . . . Fig. 5. The architecture of the ABC system.
devices use lithium ion cells connected in mixed parabei

manner to provide an amount of power overtime. Batteries’
ability of providing a current for a give_n amount of time i. . The ABC system design
calculated by summing up the capacity of each cell inside
the entire unit. Figure 3 shows a traditional laptop battesy ~ We build the ABC system on a widely accepted model of a
typical 12 volt power source with 6 cells coupled in 3 group®asic portable device battery, which consists of cellsrayea
Each group consists of two 4.2V lithium-ion cells connectéd series, parallel connected, or a combination of both. The
parallel, resulting in total voltage equal to the potentiél exact configuration and layout depend on the specific voltage
the individual cells. On the other hand, the three coupl&geded by the hardware and the available space within the
are connected serially, which offers a total of 12.6 volts fglevice. The ABC system, as the name suggests, proposes
the entire system. Existing batteries are capable of gatpera configuration that the same building units of lithium ion
data from the component cells, such as voltage, current deitery are split into clusters and connected in the apgatgpr
temperature. A microchip inside the enclosure of the battewvay to achieve the desired voltage. The goal is to allow each
system is able to control the charging of the system by tgrnigluster to independently power the hardware without the hel
it on or off. Figure 4 describes a 8 smaller cells battery f&if the other cells, that would allow some groups of cells to be
thinkpad T60 series, the voltage is 14.4 V. We can see tifdf and rest for a while.
a temperature sensor is pasted on cell G. However, existingfo clarify the approach, we reconfigure an existing 9-cell
battery technologies do not have the ability to control theptop battery. A typical modern laptop would require 12.6
cells individually. Devices are limited to access statati Vvolts for operation. A 9-cell lithium ion battery splits itells
information of the battery, not even to mention the contsaro in 3 groups, 3 cells in each group. Within each group, the
the power source. The ABC system has a duplex informatiéglls are connected in parallel, the 3 groups however are in
channel, rather than the battery system simply reports d&gfies, thus achieving overall 12.6 volts with 9 4.2V cefs.
to the hardware, the information could also flow from th&igure 6 shows, in our design each cluster connects to tie res
hardware to the battery. of the system via a relay. Fast-switching, low-voltage yela
would be used to control whether certain ABC is discharging,
charging or resting. It is also important to note that thays|
A. Architecture we designed in the system must not only be very responsive,
but also provide feedback. They must be able to signal to a
The ABC system modifies the traditional monolithic batterprogrammable logic controller within the battery the imfar-
by including both hardware and software components withtion, for example, whether a switch operation was completed
the enclosure of what is already available today. The inteduccessfully. Each cluster, following the relay connettis
ligent battery model we propose is closely integrated withien connected to a common point, leading to the terminal of
the operating system and allows the battery to make cert#lire entire power storage system. Another vital component is
decisions based on the power dissipation of the hardware. &soltage stabilizer, connected between the hardware and th
Figure 5 shows, we extend the mobile power storage systesmmmation of all ABC links. Because each cluster of lithium
by adding a software layer and a monitor within the operatirign cells supplies lower and lower voltage as they discharge
system. The goal of this addition is to gather statisticahdaone must ensure that the hardware is being supplied thectorre
and communicate it to the battery. Another piece of log&and constant voltage. Moreover, changing voltage to seasit
is added to the battery itself, which controls the ABCs bgligital components is detrimental to the entire system &and t
toggling relays. It turns on or off the charge/discharge of the voltage stabilizer serves an important safety rolenTihe
certain cluster of lithium ion cells. This piece also colec comes to sensor part, in our design we connect voltage,raurre
data from the clusters, for example, the status of all celland temperature sensors to each cluster in order to monitor
and reports these information to the operating system. Téach group individually. That is necessary as these chister
power management policies we introduce are based on theuld individually power the system on separate occasions,
data gathered by the sensors within the battery. which would require separate information feeds. Furtheano
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Voltage Stabilizer andy signifies the rest time. In this policy, we discharge an
Voltage, Current, ABC for x minutes, then we put it in theest mode fory
Temperature Sensors minutes, as showed in Figure 7(a). In tlest mode the cluster

of lithium ion cells is neither discharging nor chargingeté
is 0 current floating through it. We calculate the total batte
system operational time from fully charged to fully disaed.
‘{j P2. Capacity-driven: In this policy, we get the maximum

’ Programmable Logic Controller‘

L

result by monitoring the voltage of each ABC, which can
T

determine the state of charge. The work time of a clustertis no
extended to a constant value but to reach a minimum discharge
Fig. 6. The design of the ABC system. valueV,,.;,. When ABC1 discharges to levé&},;,, we toggle
to the next cluster ABC2. While ABC2 is powering the system,
ABC1 is resting. The Figure 7(b) illustrates a situationt tifia
within some of the more complex policies it is possible tg cluster could recover enough capacity to power the deitice,
monitor the current and voltage of multiple groups at theesanyjl| be turned on again. In the case otlusters, we continue
time. A programmable logic controller (PLC) is included tqhijs round-robin power switching until neither one of thesn i
allow hardware abstraction of the battery system moreyeasiple to power the device even after recovery. At this point we
access information. On the other hand, the controller withé consider the entire battery System Comp|ete|y discharged_
enclosure would also collect information from the opemtin  p3 \prkioad-driven: Another way of managing the dis-
system. charging of the batteries is through monitoring the workloa
Compared with the original battery design, we only adgf operating system, e.g., CPU utilization. Theoreticaflthe
voltage stabilizer which output is 16V and PLC for safetyomputing workload is light or in normal level, we usually do
and flexibility. They are not complicated devices, and do ngjpt care about the time battery could last. In that situatiee
cost too much. For sensor part, we add more sensors to egeg hattery as usual and do not consider any alternate dehedu
battery cell so that these cells could be monitored at theesagr pattery clusters. It could also cut down the extra cost of
time. Besides, the circuit inside the battery also can bel usgggling the battery. However, when the workload is heaw, w
after we add sensors’ information in it. Actually, the totakoy|d let battery alternate between discharge and restito ga
cost of the battery does not increase too much, while at thgyre capacity to power the device. In extreme high workload
same time we could gain more capacities. Moreover, it {gse, since ABC could just provide enough voltage not the
a simple rearrangement for battery cells. Except the laptegrrent, itself make not work under high current case. So we
battery, the approach could be easily applied to many othgfoose to discharge all ABCs to offer enough current to power
electric devices. the device. In Figure 7(c), th@©n/Off represent whether we

. - schedule the clusters, not the single cluster status.
C. Controlling policies

We propose three control policies in the ABC system: M
P1. Fixed time: We useU, . to represent an instance of
the policy, wherex is the working time of a given cluster,

. | MPLEMENTATION
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Fig. 9. Discharging ABC according to fixed time policy.
Fig. 8. An ABC prototype Listing 1. Round-robin loop through all clusters.

The software component of the ABC system is a simple
script accessing the programmable logic controller and re-
To setup a prototype of the system, we use IBM Thinkpagliesting the toggling of batteries. Listing 1 we implement a
T42 as the platform. In order to avoid errors in gathering thf@nction calledswitchToNextCluster( ), which would turn on
data, we use neither the internal battery, nor the AC adapterthe relay of the next well-rested ABC, wait for the relay to
the laptop. Instead, we use PowerSmith Maglithion MLAB1gwitch and then turn off the working battery cluster. In arte
12-Volt Lithium-lon Battery Pack to power the laptop, andeep the device be continuously powered, we'd better change
it uses the same lithium ion cells as a laptop battery do@s.next battery cluster first, then turn off the current warki
Each 12-volt lithium ion battery we use contains 3 cells dfluster.
4.6V. As the description of the power-tool battery implitee
potential between the battery terminals is 12 volts, whih i IV. EVALUATION RESULTS
exactly what is required for IBM Thinkpad T42. We use 2 such

power-tool battery pa_ck_s, ea_lch independent one contaBing \ye implement an ABC prototype and run multiple tests,
cells. T_hen the total lithium ion cells are 6, which equaltththough the results of experiments we know that each policy
of the internal battery. At the same time, each autonomogsproved efficient and appropriate for different configisas.
group can power the hardware separately or together. Barafly; instance, while the fixed time policy may bring satisfiagt
connected the 2 batteries as the Figure 8 shows, power flqusits in medium load applied to the battery, the workload-
go from the parallel connected ABCs, through the contrgliyen policy provides best results in extreme situatiohere
relays, the voltage and current sensors, the voltage g&@il iha nardware is drawing maximum power.

and then reach the hardware. Except the battery pack, We» Fixed time: Using a fixed time to alternate between the
also use following devices to implement the system: Genetig,ijapie battery clusters is the most basic method of opti-

voltage stabilizer for Thinkpad T42 (input 10V-14V, outpUp,izing the battery's performance. As described in Figure 9,
16V); Phidgets 8/8/8 controller to control the ABCs.

1 while (true) 14

2 { ——Battery 1 Status ~ ------ Battery 2 Status Output voltage
3 for ( i=1; i <= maxCuster; i++) 12

4 |

5 \\ Ensure next ABC has charge 10 ! Bl

6 if ( GetVoltage(i) > voltageThreshold ) . A
7 &

8 SetCusterOn(i); \\turn on cluster i §6

9 Wai t Unti | Rel aySuccess(i);

10 Set Cl uster O f (previ ousCl uster); 4

11 previousC uster =i; )

12 \\allow the cluster to discharge s -
13 Wi t (cl ust er Wr kTi ne) ; 0 & | L1007
14 } "HE5YEEEEEEE85558E858858888¢8¢%8
15 if ( AllCustersDischarged() ) HﬁHTi;]eTs)HHﬁHHNNNNNNN
16 break; \\stop the infinite | oop

17}

18 } Fig. 10. Discharging ABC according to capacity-driven pgli



—Battery 1 Status - Battery 2 Status of the hardware we test is directly related to the power con-
o~ ABCOupulVollage ——Standard Ouiputvalie— gmption from the battery system. After both battery clsste

10 \—\\\ are fully charged we connect them to the laptop and start the
software.

We consider batteries to be discharged until the voltage
reaches a threshold, below which the voltage stabilizemis n
a longer able to provide constant power to the machine. As

Figure 11 shows, the battery total working time increases
.................................................. ]_l_ﬂ_ﬂ about 6 minutes by using the ABC System. In standard battery

S B S S BRI SSBRBRSRC S8 888888 discharging process, all ABCs are treated as a whole basery

T Trmer o TonmEnne the experiments are done by discharging both of the ABCs.
The summarized data in the Table | shows the comparison

Fig. 11. The comparison of standard battery dischargingnlload-driven  of using battery in a normal way and under workload-driven
discharging under maximum workload. policy as we described above. It proves that the ABC system
could provide tremendous increases in the efficiency of the

. . ) _ existing lithium ion battery technology when under heavado
at the bottom of it,1 represents the battery is working, while

0 represents the battery is resting. After every 10 minutes,

@
z

load [ method | time (mins) | increase |

the working battery is switched. In this experiment, the CPU 4A | standard 37 mins
usage is around 8% and the fully discharged time is near 75 A ABC 43 mins | +16.2%
minutes 2A standard 70 mins
S , . ) 2A ABC 75 mins +7%

P2. Capacity-driven: We utilize an autor_natlc voltmeter 05A T sandard 56 mins
connected to the battery system to obtain current ABC's 0.5A | ABC 97 mins +1%
voltgge, convert it to expect(_ed remaining capacity and naake TABLE |
decision on whether to switch to the next available cluster THE COMPARISON OF TOTAL WORKING TIME UNDER DIFFERENT
and allow the current one to rest. When we perform the WORKLOAD.

experiments, we allow a full discharging of each ABC before

shifting to the next available cluster. In order to avoid tsihg

down the system when all ABCs are discharged, we leverage V. RELATED WORK
the internal battery of the laptop as a safety fall-back. \&& u

the API, thinkpadsmapi [4], provided by the manufacturer The work done within the realm of this paper targets finding
to monitor the internal battery. Our data gathering for thisojutions to the challenges presented by the desire using
experiment concludes as soon as the internal battery ssitcR|ectronic devices while away from power sources. We attemp
from “idle” to “discharging”. We can know from Figure 10ty extend the life of a laptop battery per charge; besides,
that after resting for a period, ABCs recovery an amount gfyr research could also be extended to any devices that use
capacity, even it does not afford to run much longer comparggtteries, from cell phones and mobile computers to power
with its first discharging time. The fully discharging time i t1gols and even automobiles.
near 43 minutes, and the average CPU usage is 75%. Our work based on existing researches related to power
P3. Workload-driven: The main idea of the policy is to saving technologies in mobile hardware, one of them is widel
determine whether we start clusters schedule and how to @dtopted: battery management system, and the other is the
ternate according to computer workload. First, we should firscientific work done on extending battery life of network aed
the relationship between workload and battery working timgy appropriate scheduling. In general, the usually hasethre
So strictly speaking, these experiments are the preliminanain functions [1]: the safety of the battery; prolong ttfe i
work for implementing the workload-driven policy. We plarof the battery; maintain the battery in a health state. Batte
to explore more details in the future. management systems are commonly used in mobile devices,
For each distinct experiment, we chose one of 3 power loaa®st of which devote themselves to one specific aspect in
on the battery - minimum (around 0.5 Amperes), medium @der to improve the system’s efficiency and accuracy. For
Amperes) and maximum (4 Amperes). From computer’s poiintstance, some systems calculate battery state of charge ac
of view, the workload is determined by the CPU utilizationcording to loaded terminal voltage [18], or perform a simple
The method we chose to put a maximum load on the systeailculation on the current and time of charging of the bwgtter
is a simpletar archiving of a Debian GNU/Linux DVD. [8]. In this case, it seems that the nonlinear battery effeabt
This operation uses most components of the computer syste@wnsidered, so the results are not always necessarilyatorre
maximum CPU, hard drive, DVD-ROM drive, memory, etclt is important to underline that when it comes to dischaggin
For medium load on the battery we use less intensive softwdirae, context-aware battery management systems calcitilate
functions, such as playing a multimedia file. For minimurby discharging speedup factor [16], then simulate the E®ce
load, we just use Internet to search information. The wadtlo and compare with actual data. The actual data is recorded as



the base curve, we could see that after a specific value, that could affect the battery behavior. Additional polgimay
capacity would decrease sharply, that is also why in ourcpolibe developed to encompass more control of particular factor
we allow two batteries discharged together. In that way, w# the battery system. While the adoption of batteries is far
would make an attempt to warn the user ahead of time awitler in daily life, great possibilities for research araitable
offer as many capacities as we have to complete the workin the area of battery powered automobiles as these could

There are numerous sophisticated systems use microcomarge and discharge within one continues usage time period
trollers to implement functions [9]. In our experiments, weavhich is our ongoing work.

use two groups of 3 cells battery to replace the internal

battery/AC power. The data is gathered for these two groups
and we treat them independently, which makes the polici}]
much more flexible. From past work, we know that pulse g
current discharge instead of a constant discharge cart iasul [4]
an improvement of battery performance [10], although it id5]
for communication devices, which have interval time betwee
sending and receiving data. We could let a cell rest durieg th

discharge interval so that it could recover part of its citgac [7]
and the total working time is increased. In some situations,
the rest time for cells could not be set randomly, because g
depends on the time of the end of one job and the arrival time

of the next job [11].

. . . i |
We increase the battery working time by reconfiguration

battery cells. Compared with other reconfiguration appneac

we think our idea is much easier to implement. In [15], thi®!
authors designed their smarter battery named IntellBatt. |

order to get high performance, they applied rapid switchcivhi

could work under pico seconds. Besides, they considered thd
discharge cycle length to calculate the battery life. In our

approach, we do not need so fast switch, and we calcul&td
fewer parameters to keep the battery safe. Except we do some

work in battery cell, [12] extends battery life by dynamigal

change the connection among cells. They model differet cEgl
connections: series, parallel and mixed, according toethes,

data and system condition, they could dynamically adjust t

circuit to meet the power requirement. The idea is good and
understandable, but it might be difficult to implement anﬂ5]
apply. The same idea appears in [20], but they focus on system
load. When the load is not heavy, they could decrease the :
input voltage to make battery working longer. While in OUP'6] N. Ravi, J. Scott, Lu Han, and L. Iftode. Context-awaggtéry manage-
approach, we also have workload policy, we do not need to
change battery voltage according to that, it is a parameter f

us to test the performance and set clusters working time. [t
conclusion, our idea is easy to implement and apply to many

electric devices, and we can effectively extend the battery

working time.

VI. CONCLUSIONS ANDFUTURE WORK

We implement the ABC system which could control indi[lg]
vidual cell group, and three polices to increase the battd@f!
working time. With the theory developed and the experiment
performed this paper proves that modern batteries are mapab
of supplying higher capacity in certain situations withou#l
adding other cells. The extraction of an additional 16.2%

capacity becomes possible at heavy power consumption.

The experiments on the ABC system are performed with a
limited set of parameters; however, there are a lot of factor
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