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Abstract—Large-scale battery packs with hundreds/thousands

of battery cells are commonly adopted in many emerging cyber
physical systems such as electric vehicles and smart micgrids.
For many applications, the load requirements on the battery

systems are dynamic and could significantly change over time

In contrast, dynamically adjusting the connections among
batteries inside a battery system based on the real-tinte loa
requirements, referred as theaptive system reconfiguration
is an alternative approach to handle the mismatch between

How to resolve the discrepancies between the output power the supply and the requirement [19]. The adaptive recon-

supplied by the battery system and the input power required

figuration not only avoids the low efficiency issue of the

by the loads is key to the development of large-scale battery traditional regulator-based approaches, but also inesetise

systems. Traditionally, voltage regulators are often adofd to
convert the voltage outputs to match loads’ required input pwer.
Unfortunately, the efficiency of utilizing such voltage regilators

degrades significantly when the difference between supptieand
required voltages becomes large or the load becomes lightn |
this paper, we propose to address this problem via an adaptées
reconfiguration framework for the battery system. By abstracting

the battery system into a graph representation, we developwio
adaptive reconfiguration algorithms to identify the desired system
configurations dynamically in accordance with real-time |lad

requirements. We extensively evaluate our design with empcal

experiments on a prototype battery system, electric vehiel
driving trace-based emulation, and battery discharge trae-based
simulations. The evaluation results demonstrate that, degnding
on the system states, our proposed adaptive reconfiguratioalgo-
rithms are able to achievelx to 5x performance improvement
with regard to the system operation time.

I. INTRODUCTION

system robustness in that failed batteries can be by-passed
without significantly degrading the system performanced,[23
[26]. Much research has been conducted to design battery
systems that offer higher configuration flexibility with few
supplementary electronic components such as connectdrs an
switches [10], [20], [24], which has already been implensent
in many off-the-shelf battery packs [8], [19], [24], [26B9].
Besides offering configuration flexibility, there yet esist
another open challenge in maximizing energy efficiencycthi
is to optimally determine battery system configurations in
accordance with real-time load requirements. Motivated by
this, in this paper, we advance the state-of-the-art by ad-
dressing the following research questiamith a given con-
figuration flexibility of a battery system, how to adaptively
identify the optimal system configuration based on reaétim
load requirementsWe first prove that this problem ibsIP-

Large-scale battery systems with hundreds or thousandsHzrd in general, and then we effectively solve it based on
batteries are now widely used in electric vehicles [33],][36two empirical observations on battery systems. We propose a
energy storage in both macro [9] and micro [35], [42] smartear-optimal adaptive reconfiguration algorithm basedhen t
grids. For many of these applications, the load requireraent classic 0-1 integer programming problem for the single load
the battery system is dynamic and could significantly changbange scenario. For the scenario where multiple loadsyehan
over time [3], [28]. For example, depending on the drivingimultaneously, we extend our design with a greedy hearisti

states, the required voltage output of electric vehicleg vaay
from around70 V to more than700 V [3], [4], [23]. Such

to identify the desired system configurations.
Our major contributions in this paper include

dynamic loads make the problem of optimizing the energy « We propose a generic graph representation of large-scale

efficiency of large-scale battery systems even more ckitica

and challenging, which is attracting increasing attergtiom
funding agencies [2], [8] (e.g., ARPA-E has awarded USD

million to 19 energy storage projects in 2012 [2]), and redea

efforts [25], [27], [29].

A traditional method of handling dynamic loads is to adopt
voltage regulators to accept voltages supplied by the dyatte
pack and adjust them to the required levels as the input to the

loads [29], [41]. Unfortunately, the energy efficiency oftage

regulators may degrade significantly under two scenarips: (

battery systems, which facilitates the optimization of

battery system reconfigurations.
o For the scenario where only a single load changes,
we transform the problem of identifying the optimal
system configuration to path selectiorproblem in the
corresponding graph. We first prove that the problem is
NP-Hard We then propose a practically feasible solu-
tion based on two empirical observations, which is able
to return a near-optimal system configuration through
Depth-First-Search with pruning method and 0-1 integer

the difference between the supplied and required voltages i
large [23], [29], [34], andi{) the load is light and the system
operates in a low power modes [41].

programming formulation.
Extending our investigation to the scenario of multiple
load changes, we propose a greedy solution to identify



the desired system configuration by greedily selectirfgctors such as adopted electronic components, battery tem

the load to be processed and progressively achieving therature, loads, battery chemical properties, etc. To thidse

desired configuration. complex factors from practical implementation, we propose

« We extensively evaluate our design with empirical experihe following rule-of-thumb design principles.

ments on a prototype battery system, electric vehicle driv-1) Matching Supplied and Required Voltagddsing volt-

ing trace-based emulation, and battery discharge traggye regulators to convert the battery pack supplied voitage

based simulations. The evaluation results demonstr@ﬁ@ load’s required levels is a common approach in practice_

that the proposed adaptive reconfiguration algorithms cgfawever, the voltage regulators introduce additional gyer

achievel x to 5x improvement in the system operationoss when converting voltages, and the energy loss on reg-

time. ulators increases as the difference between the supplieéd an

The paper is organized as follows. The problem statemertjuired voltages increases. This fact is also reporte@3h, [

is presented in Section Il. The scenarios with a single af@#]. Thus, to optimize the system energy efficiency, it iy ke
multiple loads changes are investigated in Section Il arid match the supplied voltage with the load’s required voltage
Section 1V, respectively. Our prototype implementatiord anas much as possible.
simulation/emulation results are presented in Sectionnd a 2) Minimizing the Discharge Current of Individual Bat-
Section VII, respectively. Section VIII reviews the littuee. teries: Large discharge current degrades battery performance
Section V briefly discuss practical issues relevant to ouf many ways, e.g., increasing the internal energy loss, [12]
design. Section IX concludes. reducing the deliverable battery capacity [14], causimgiéi
icant temperature rise [31], and introducing additionadrgy
overheads due to a higher system monitoring frequency [27].
A. System Model As a result, the theoretical relationship among the opamati
ime 7', the battery capacity), and the discharge currelit

II. SYSTEM MODEL AND DESIGN PRINCIPLES

We consider large-scale battery systems that can su ’ L . .
multiple loads siml?ltaneously in t%/is ?//vork [24], as shownplio"e" T=%)isin factT < % in practice.
Fig. 1. The battery pack in the system has multiple output ter 10 understand the impact of discharge current on battery
minal pairs, and each terminal pair is connected to a differ?€rformance, we conduct a set of measurements as follows.
load. For thei’" terminal pair, we denote the load's required/e adopt two series connected and initially fully charged
voltage and power a§/’’, (1 + o)V and P’ respectively, 2450 mAh AA batteries to power several parallel connected

whereo is the tolerable jitter voltage ratio. The battery pacRtors with an operation voltage @f V. In this way, the

consists of a total number d¥ batteries, and the voltage ofbattery discharge current increases with a larger number of

the i*" battery at the decision time ig € [v., v;], wherev motors. We record the time that the batteries can support the
cy Y c

andw; are the battery cutoff voltageand full charge voltage, 102ds; i-€., the operation time, with the motor numbers vgry
from 1 to 5. The measurement results are shown in Fig. 2.

respectively. A : . ] )
It is intuitive that the operation time decreases with heavi
loads. Furthermore, the operation time decreases fasd@r th
oo the increase of loads: normalizing the operation time with
; one single motor as the unit timke the operation time with
—{leadz}— c parallel motors (and thus ax battery discharge current)
M oad 1}

] Load 1} _J is smaller thanl. This super-linear decreasing speed of the
TRt : operation time indicates that it is highly desirable to mriize

- I N T TR [ oW W N = = the battery discharge current to optimize the performaface.

Battery Pack # of Parallel Motors support a given load requirement, the battery pack supplied

_ 4o, Fig. 2. Reducing discharge current im- current is normally limited to a certain range; however, we

Fig. 1. System model.  ,oes energy efficiency. can reduce the discharge current of individual batteriethén

ax%ack by optimizing the system configuration.

In practice, the probability for multiple loads to change
the same time is relatively low. Thus we first simplify our
investigation by assuming a single load change in Section Il 1Il. RECONFIGURATION WITH SINGE-L OAD-CHANGE
We then tackle the case where multiple loads change simulta-
neously in Section IV. We investigate the adaptive system reconfiguration in the
scenario with only a single load change in this section. We
B. Design Principles first abstract the battery system into a weighted directaghyr
The ultimate goal of adaptive system reconfiguration is #ith which the problem of identifying the optimal system
maximize energy efficiency by adopting the optimal configur&onfiguration is transformed to find as many as possible
tions in accordance with real-time load requirements. gperdisjoint paths conforming to a given weight requirement. We

efficiency of a battery system is jointly determined by manfe€n show that the problem can be solved in a near-optimal
way by a combination of a Depth-First-Search (DFS) with

1The cutoff voltage generally defines teenptystate of the battery. pruning and 0-1 integer programming.



A. Problem Formulation battery. Note that for many existing battery packs, the outp

Given the two design principles described in Sec. II, odgrminals can be directed connecteq to any batteries t_hroug
problem in identifying the optimal system configuration caR@ckbone buses [26]. In the following, we assume this full

be formulated ag connectivity of the output terminals. At last, we extend the
, P weight setW by settingw(n™) = w(n™) = 0.
T Vot () Figure 3 illustrates an example of the extended graph with
st V < Vow < (14 0)V, N = 3 based on the battery pack design proposed in [26], as

shown in Fig 3(a). With this circuit design, we can draw the

where 'S the number of series battery strings tha}t a€urrent by series connecting batterybatteryd, and battery-
connected in parallel to supply the load requirementsaisl 2. As a result, directed edges — n, s — n1, N1 — 1o

the tolerable jitte_r "0“‘?‘9? rati_o. The_ol_)j_ective in Equz_at(Z) andng — n™ exist in the corresponding graph, as shown in
reflects the design principle in minimizing battery discear Fig. 3(b) 2.

current, and the constraint in Equation (2) is guided by
the design principle in matching the supplied and required , - ‘ : n+ No
voltages. Note that in order to provide the correspondinvggro ~ *
output P, a current draw ofvi from the battery pack is

required (we consider the case that it is possible for thiehat £ : M
pack to provide such a current draw in this paper). Because y ’

the jitter voltage ratio is normally small for the considiras - \ \ \ _

of both energy efficiency and system safety, .§% in [24], (a) Circuit design proposed in [26] n N2

thus with a givenP andV, the objective in Equation (2) can (b) Abstracted graph

be approximated by Fig. 3. An example on the graph representation of battertesys

mazx. Tp. @) The extended graph captures all the potential system con-

We need to consider the voltage imbalance issue whgurations, and the out-degree of vertices is a direct metri
the parallel connection of multiple series strings are &eihp to quantify the configuration flexibility offered by the sgst.
which may cause the reverse charging of batteries if thtote that any specific battery pack can be mapped to only
voltage of these strings deviate too much from each othdr [28N€ corresponding graph, while one graph may have multiple

This imbalance issue in our problem is bounded with therjitt®attery pack implementations. This is because the edgéein t
voltage ratios in (2). graph only reflect the logical connectivity between batisri

but do not specify how to physically achieve such connegtivi
B. Graph Representation

We propose an abstracted graph model for the battecr:y Problem Transformation

system to facilitate in optimizing its performance. Given a With the constructed graph, the problem formulation (2) can
battery pack and the battery voltages at the decision tinR€ transformed tcndent_|fy|Eg the maximal number of disjoint
we construct a corresponding weighted and directed grapf'Ple paths connecting™ and n™ with weight sum in the
G = (V,E,W) in the way that range of [V, (1 + o)V]. Specifically, we say a simple path
y &y . + . . . . .
1) the vertex seV represents the batteries in the pack, an%on_nectllngz. qndn is feasibleif the W?'ght sum of qul\./e.d
denote) = {n1,no, - ,nx}; vertices is withinV, (1+0)V]. The requirement on the disjoint

2) the edge sef represents the configuration flexibility Ofpaths is to avoid involving the same battery in multiple eri
the pack, i.e., how the batteries can be connected sjrings, which increases its discharge current and unbasan

directed edgey; — n; € £ if and only if the discharge the battery utilization.
current can flow fromn; to n; without passing any other p_ |dentifying the Optimal Configuration
batteries;

3) the weight of each vertex is the voltage of the corr We first show that identifying the optimal configuration is

) . Lo - P-hard, then based on two important observations on latter
sponding battery at the decision ti i € Wows = system, we propose a solution which is feasible in practice

v; (i=1,2,---,N). . .
. and achieves the near-optimal performance.
The above constructed graph only incorporates the batterie 1) NP-hardness:

in the system. To further include the terminal pairs on which Thaorem1: Given a directed grapl§ = {V, &, W} and an
the load has changed into the graph representation, weefurth o al [V, (1+0)V], finding the maximal number of disjoint

extend t_he graph with the following th_ree steps. First, we a‘%imple paths ir¢ with weight sum iV, (1-+o)V] is NP-hard

two verticesn™ andn ™ to V, representing the two output ter- o i

minals. Then to capture the connectivity of the two termspal  Proof: The decision version of the above problem can be

we add edgex™ — n; andn; — n~ (i = 1,2,--- ,N) to stated asgiven a directed graplgy = {V, £, W}, can we find

£ if the output terminals can be directly connected to itre 7 (7 = 0,1,2,---) disjoint simple paths ing with weight
sum in[V, (14 ¢)V]? For the ease of description, denote this

2Because we focus on the scenario of a single load changesisélbtion,
we remove the superscript representing dtheload for notation convenience.  3We use the flow direction of positive charges as the edgetitirec



Vimax

decision problem a¥. We can prove that theongest Path complexity can be further reduced (@(Nd( ve ]’1).

Problemin graph theory (i.e., finding a simple path of the Besides reducing the worst case space complexity, the
maximum length in a given graph), which is a classic NP-haggcond observation also assists in pruning the DFS branches
problem, can be reduced to a special cas& dfy assuming: and thus reducing the average computational complexity fro
a)n = 1 ando = 0; b) the weights of all vertices arg c) the following two aspects. First, if the weights of the fiist

V' is an integer larger thah. If a polynomial time algorithm vertices in the current search are too small, it indicates th

U exists for the special case af, we can applyl on the they cannot be part of any feasible paths. Specifically, tleno
Longest Path Problem with path length increasing froto  p(j) (5 = 1,2,---,4) as the firsti vertices that have been
[V|, until no solution can be returned. In this way, we solve thiacluded in the current search, then

Longest Path Problem in polynomial time, which contradicts i (1+0)V

with its NP-hardness. As a result, we show that no polynomial it V- Z w(p(j)) > vy - ([————1] —1)
time algorithm exists for the special casefand thus prove j=1 ve

its NP-hardness. ] —  terminate the current search. 3)

Our approach to solve the problem consists of two steps:|jkewise, the current search can also be terminated if the
first, we identify all feasible paths in the graph, then we fingleight of the firsti vertices is too large

their largest disjoint subset. Each path in the returnedetub j

represents a series string of the corresponding battemes, it (1+o0)V-— Zw(p(j)) > v, - ((K] —1)
all these strings are connected in parallel to support thd.lo j=1 vr
Although the original problem is NP-hard, our solution is —  terminate the current search. 4)

feasible in practice based on two important observations ot this DES with pruning, we can practically identify all
battery systems. the feasible paths in the graph.

2) Finding All Feasible Paths\We implement a DFS with 3y finging the Largest Set of Disjoint Feasible PattBue
pruning method to identify all the feasible paths in the tapy, he requirement on disjoint paths for a balanced battery

If using the basic DFS idea to identify all the feasible path§yi;ation, if we include a specific path into the system
we need a computgnonal time 6f(N""~") to identify all the configuration, other paths with overlapping vertices witit n
feasible batt_ery strings (note that We assume fully cormbctbe able to be added to the configuration later. Thus our next
output terr_nlnals_, an.d the computation time to identify agtep is to find the largest disjoint subset of all these féasib
the paths is quite different from graph traversal). HOWEVEL s Assuming/ feasible paths have been identified, which
the following two observations on battery systems assist fo genoted &B — {pathi, paths, - - - , pathas}. We refer two

reducing the computation complexity in practice. paths aconflictedif they share at least one common vertex,
Observationl: Given a battery pack, the set of supportegpeciﬁca”y define a 0-1 matrixd,; . v as

configurations is limited. 1 if e € paths
For example, the AHR32113 Power Modules only support a;,j { 0 othérwilsje ’

10S(1-4)P connectivity configurations [$] This is because ) : . . .
an higher configuration flexibility is achieved at the costnen we define @onflict matrixCy . is defined as

of significantly increased system implementation compjexi Crxn = {conflict(i, j)}.
For example, the number of required electronic componerisd for anypath; andpath;,
increases in a quadric relationship with the number of hiate conflict(i,j) = 1 <= 3k, a; . - a1 = 1.

that a given batt_ery can connect fo [23]. With the grgph Thus our problem in finding the largest set of disjoint paths
representation, this is reflected by the fact that the \mtlccan be formulated as

out-degree will not be large. Denote the average out-degjree . N

vertices asl, the worst case computational complexity of the max [P*|  (P*CP) ()
DFS search can be reduced®Nd"¥—1), where the itemV s.t. Y path;, path; € P* = conflict(i,j) = 0.
accounts for starting the search at each of3heertices, and \yhere P* is the to be obtained largest path set. By further
dN~1 accounts for the space to find all the paths starting algafining

given vertex. 1 if path; € P*
Observation2: Because all the vertices weights are within Ti=19 g otherwise,
range [v., vs], for a given load requirement, the number of

vertices involved in a feasible path is limited. we can transform the problem formulation in (5) to
Specifically, the minimal and maximal number of vertices M . M

; ; 1% (A+o)V ; ;  s.t. B i xy < 1.

in any feasible paths aré;-] and [+=7=1, respectively. max ;:1 Ty s J ;:1 Qij - Ti

With this observation, the DFS only needs to examine a depthTh_ ¢ ‘ d oroblem i lassic 0-1 int
of at most((lfjﬁ], and thus the worst case computational . IS transtormed problem 1S a classic H-1 integer program-

ming problem. As the DFS with pruning method identifies
4 . _all the feasible paths in the graph, we can see that the
The notation ofaSBP represents that a total number ®@f 3 batteries

are configured intg3 parallel connected strings, and each string consists prt!mallw of the_ identified C(_)nflguratlon Only d_epends omho
« series connected batteries. optimal a solution the 0-1 integer programming can return.



Fortunately, efficient 0-1 integer programming solversexi most one selected path. Thisin-maxoptimization problem
the literature [13], and thus the near-optimality of thenitiiged cannot be efficiently solved by 0-1 programming. We thus
configuration can be guaranteed. propose a greedy algorithm to identify the desired system

configurations in this case.
IV. RECONFIGURATION WITHMULTI-LOAD-CHANGES

We have investigated the scenario where only a single Iogd Greedy Solution

changes in the previous section. To complete our investigat ~ After identifying the path seQ, the greedy solution adds
in this section, we extend our design to the scenario whetaths into the system configuration instep-by-stepnanner

multiple loads may change simultaneously. until no more paths can be added. Because the inclusion of
a specific path prevents other paths sharing common vertices
A. Problem Formulation from being included in the future, the sequence with whieh th
Let U denote the number of changed loads. Specifically, faths are added into the configuration plays a critical mole i
i =1,2,---,U, we denote the required voltage and po\,\,ec}etermmlng the f|_nal rgsults. Thus, two sub-questions need
output as[V%, (1 + o)V] and P/, respectively. be addressed ard) (vhich load should be selected to explore

The graph representation of the battery pack can be QL €ach stepand (i) which path should be included into
tended by addingU vertices inV and extending the edge sethe configuration for the select(_ed loa@ur solut_lon greedily
£ and weight sedV in the same way as in the single loacddresses these two sub-questions: we greedily selectatle |
change case. with the largest battery discharge current for each stegd, an
An important difference between the scenarios of a sing‘l'%e” greedily include the path with the least conflict on othe

and multiple loads changes is that the battery discharg@ths into the system configuration. _
currents are likely to be heterogeneous in the latter casel) Selectthe Load with the Largest Curre@iven the load

This is because the loads on different terminal pairs areequieduirements and the paths that have been already included

likely to be heterogeneous, and the number of series stridg the system configuration, in each step, we can calculate

for each load in the adopted system configuration may discharge current of the batteries supporting each. load

L. ifi 1 2 U
heterogeneous as well. As a result, we needminimize SPecifically, letr,,ny, .-, n, denote the number of selected

the maximal discharge current of batteriés this multiple Paths for each load. With a smadl the discharge current of
loads changes case to improve the overall battery utitinatiPatteries supporting individual loads can be approximated
efficiency. i L )

We can use the same DFS with pruning method as in the ng, -Vt
single load change scenario to identify all the feasibldipat Then we select the load with the largest discharge current
for each load, denoted a = {P, P2, --- , Py }. Define the for individual batteries for each step, specifically, thiesed
0-1 matrix Ap;« v in the same way as Equation (5), excepbad is
that M now is the total number of paths identified for &l argmax{I'}. (8)
loads. We thus have ¢

u 2) Select the Path with the Least Conflidfter selecting
M = Z |Pil. the load, the next step is to select a feasible path for the loa
i=1 and include the path into the system configuration.
Define another two 0-1 matrixeByxy and Y «y as The selection of a specific path prevents other overlapping
by, = { 1 if path; is feasible for the kth load paths to be selected in the future due to the disjoint paths
" 0 otherwise, requirement. Thus, we select the path that has the least
and negative impact on other paths. We define the conflict matrix
1 if path; is selected for the kth load C in the same way as (5). When tl¢h load is selected in
Yik 0 otherwise. a specific step, we select (and include into the configuration

Our problem in the multiple load changes scenario can B path according to
formulated as

_ Pk : o
min max{i‘/k Z%l " k} (ke{1,2,---,U}) (6) arg mzm{; conflict(i,j) | bix = 1, pathi,path; € Qa},  (9)
s.t. Visk,  Yix=1=bix =1, where Q, C Q is the set of paths that are still available for
_ v selection before this step.
Vi, D w1, Note that the inclusion of a specific path into the config-
k=1 .
v U uration changes the values of (7), and thus we need to re-
v, ZZ“Z ioyin < 1. select the load to be processed for each step. If no path can be
P — ' selected for the load under consideration, we mark the Isad a

The first constraint means that a path can be selected oshturated and re-select theon-saturatedoad with the largest
for the load it can support, the second constraint requiras tdischarge current for individual batteries as the next tzess.
each of theM paths can be adopted by at most one load, afithis process continues until no paths can be selected for any
the final constraint requires the same vertex to be involred i loads.
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V. PRACTICAL ISSUES ANDFURTHER DISCUSSION batteries. Similar to the configuration flexibility offerday

the existing off-the-shelf products [1], our prototype pags

Energy Overhead of Reconfiguration OverheadThe f ) 1S8P. 2S4P. 4S2P For th ¢
adaptive system reconfiguration is achieved by the operatl% con |gurat|_on set of ' , 452 or the case o
plementation, the prototype only has a single pair of autp

of supplementary electronic components such as switches i{g inals, and thus can only support a single load at any fime
connectors, which also consumes energy. Because the en ' . '
9y Loads: We adopt twelved.5 A 3.6 W flashlight bulbs

consumption on these supplementary components are ngrmall ; . :

smaller than the battery capacities in orders of magnitudes as dthle Io\e/l\(/js, ngchl are org?nlfedd '?to fogr t:LS3:? bU|bf

can separate the identification of optimal configuratioosnfr rr;o u es.t € ran Orcvze?:?-eir:l t?leﬂzstir:acgjr;?ion anrm 0

minimizing the operation costs of supplementary companer, 1, a1}, {2, a2}, -, ¥ ¢ 9 o

as two independent problems in practice. IS the number of series connected bulb modules during that
Time Overhead of ReconfigurationBesides energy Ioss,tlme (a; € {1,2,3,4}). Because the bulbs can operate under

. ; . N a wide voltage range (but with different lightness), for & fa
the system reconfiguration also requires certain time gurat . . . .
. . : . . comparison, we impose an additional requirement that each
to accomplish, i.e., the reconfiguration latency. This reco

) : ; - bulb module requires 2.5 V input voltage, and the tolerable
figuration latency introduces two additional challengeswh . :
itter voltage is1 V. As a result, the load required voltages

to minimize the latency and how to supply the load durin?

) . ary from2.5x1=25V1t025x4=10 V.
the transient phase. A possible approach to address the fir ) Baseline: We adopt the 4S2P battery configuration as

questic_m is through the coordinated _supplementary compon baseline, which trades-off between the highest voltage th
_operat|ons_, and the seco_nd question can be addresse sbsXem can supply (i.e., 4S) and the preference on smadirpatt
incorporating super-capacitor based secondary powerlysup |
systems.

Battery Charging through System ReconfigurationBat-
tery charging is another important issue for battery-p@aer
systems, which is desired to be fast (i.e., accomplished

short time) and efficient (i.e., more energy is charged in
the batteries). It is also possible to apply the idea of WStG{/oltage regulator is shown in Fig 5

reconfiguration to assist the charging of ba}tter_ies: thegihg . 4) Evaluation Metric: We adopt the operation time, defined
current/voltage can be controlled by adjusting the way Uy ihe time from the start of the measurement to the time
which the batteries are connected. when the bulbs cannot be lightened anymore, as the metric
to evaluate the system performance. The batteries araliyiti
f%l-ly charged for each measurement.

scharge current (i.e., 2P). To match the supplied voltage
with the load requirement, we implement an adjustable gelta
regulator with the LM317 IC [6], and connect it between the
battery pack and the load to adjust the load input voltage
i the required level. Figure 4 presents an overview of our
&periment methods, and the circuit diagram of the adjlstab

VI. EXPERIMENT EVALUATIONS

In this section, we evaluate the proposed adaptive recon

uration algorithms based on a prototype battery system. B. Experiment Results
, ) To investigate the performance of the adaptive configura-

A. Experiment Settings tion algorithm with different load conditions, we randomly

1) Battery Pack: We build a prototype battery pack withgenerate three load traces with light, mild, and heavy loads
sixteen2450 mAh AA rechargeable batteries, which are orrespectively. Specifically, with light load, only2 bulb mod-
ganized into eight modules each with two series connectelés are series connected as the load. The numbers of bulb



modules adopted with the mild and heavy loads are randontliyion batteries [7], whose discharge curves with disclkarg
chosen froml-4 and2-4, respectively. In this way, the numbercurrents of550 mA, 2,750 mA, and5, 500 mA are provided
of bulb modules used in the light, mild, and heavy loads ane its data sheet. The full and cutoff voltages age= 4.25 V
1.5, 2.5, and3 in average, respectively. The load lasting timandv. = 2.5 V, respectively.

t; is set to30 minutes. To obtain more fine grained battery discharge traces, we
The operation time obtained with the two configuratiogivide the current interval550, 5500] mA into 99 intervals
methods for each load trace are shown in Fig. 6. The advantggéh a gap of50 mA each, and proportionally approximate
of the adaptive configuration over the baseline is obviond, athe corresponding discharge traces based on the threes trace
an average operation time increase3di6 hour is obtained provided in the data sheet. Note that we could further reduce
over the three loads conditions. This operation time imefovthe current gap to improve the approximation accuracy. A
ment is due to two reasons: first, by adaptively convertigg tRubset of the obtained discharge curves is shown in Fig. 7
supplied voltages to the load required levels, the energy Iqnot all the curves are shown for figure clarity).
on the voltage regulator is reduced; second, by minimizg t - 5y gimylated Battery PacksThe simulated battery pack
discharge current of individual batteries, more batteacity ¢, nsists of64 batteries and can support three loads simul-

can be delivered and the heat dissipation on other systgffeqsly. The current drawn from each battery can directly
components is also reduced. _ reach two other batteries on average (i.e., an averageesrti
Furthermore, we can observe that the lighter the loads, € jegree of two in the graph). The simulation follow these

more improvement can be obtained, which can be explainggyings unless otherwise specified. The initial battetiages
by the following two facts. First, with the 4S2P configuratio ;.o randomly generated in the range of

the lighter the loads, the larger the gap between the supplie
and required voltages, which degrades the regulator affigie [ ve, vy, (10)
Second, the lighter the loads, the fewer batteries are deedéere « is a control parameter that determines the battery
to form a single series string to support the loads. This in tuvoltage diversity and is set tb.2 unless otherwise specified.
offers more space for the adaptive configuration to identify 3) Load Traces:Similar to the traces in the experiment, we
more parallel connected strings, and thus reduces therpattendomly generate load traces in the form {o)f, W,Pij}
discharge current. for each loads, where is the lasting duration of théth
Another observation from our experiment result is thatace for thejth load, andVZ.j ande are the required voltage
with the 4S2P configuration, the temperature of the LMnd power of that trace, respectively. A unit time interval o
317 IC easily rises tal4°C at the maximum. Such a high10 minutes is adopted for loads’ lasting time, i.¢;, only
temperature not only indicates significant energy loss (atekes the values of0 min, 20 min, and so on. The system
thus supports our design principle in matching supplied ardnfiguration is updated everl0 minutes by first updating
required voltages), but also reduces the system stability. the battery voltages according to the traces in Fig. 7, aed th

s s adaptively reconfiguring the battery pack. The requirethgs
AN o avoomA V is randomly generated from5-20 V unless otherwise
4. - - 5500mA = - - 5500mA

specified. The tolerable jitter voltage &5 V (i.e., v.) by
default. The required poweP is randomly generated from
15V x 550 mA = 8.25 W to 20 V' x 5500 mA = 110 W.

4) Baselines: We implement the following three system

25 500 1000 1500 2000 2500“3000 2'50 500 1000 1500 2000 2500 3000 . . .
Discharge Capacity (mAh) Discharge Capacity (mAh) Conf|gurat|ons as base“nes_
(a) Provided in [7] (b) Approximated Seriat The batteries are evenly assigned to individual loads,
Fig. 7. Battery discharge traces. and for each load, the assigned batteries are series cednect
Parallel: /N series strings withy/N batteries each are
VIl. SIMULATION /EMULATION EVALUATIONS formed, and then these strings are assigned to individadslo

In this section, we evaluate the proposed adaptive reconﬁ[:']-a round-robin manner.

uration algorithms through extensive trace-based sinanigt ~ Oracle. Given the range of all possible load required
We first evaluate the adaptive reconfiguration based onrgatt¥0ltage, we can calculate how many batteries are needed for
discharge traces obtained from the data sheewofbthe- 2 string to be able to support any _potentlal Ioads,_ qnd then we
shelf battery products. Then, the efficiency of the adaptiJ@'™M as many as possible such strings. The remaining besteri
reconfiguration is further verified base on two sets of electr{("0S€ are not enough to construct another such string) form

vehicle traces collected during driving. the last string. This oracle configuration maximizes the bem
of parallel connected strings while guaranteeing eachgsis
A. Simulation based on Battery Discharge Traces able to support the load requirement. These strings are then

1) Trace-based Battery ModelAnalytical modeling of assigned to individual loads in a round-robin manner.
battery properties is computational expensive, and thugsge 5) Performance Evaluation:We evaluate the impact of
a trace-based method to track the battery states. We seralatlifferent system parameters on the performance of adaptive
battery pack consisting df, 900 mAh Panasonic NCR18650reconfiguration.
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Fig. 8. Impact of supported loads #. Fig. 9. Impact of initial battery voltages. Fig. 10. Impact of required voltage.
TABLE | . . . .
THREE CASES OF CONFIGURATION FLEXIBILITY DISTRIBUTIONS Fig. 10 shows that when the _reqw_red VOlta_ge IS r_elatlvely
[Verfices Outdegree]] T [ 2 [ 3 | 4 [ 5 ] low (e.g., 1_0—25 V), the _operat!on tlme obtamed_Wlth t_he
Case A 051 0T ol 0105 non-reconfigurable baselines slightly increases with dédrig
Case B 02]02]02[02]02 voltage. This is because when the required voltage incsease
Case C O] 0J1]0]O the load current decreases with a fixed required power, which

Number of Loads: We first examine the impact of thein turn leads to a longer operation time. However, as the
number of supported loads on the system operation time. Tieguired voltage continuously increases (elg5, 30]), the
results with1 to 5 simultaneously supported loads are showprobability for the fixed configuration to not able to support
in Fig. 8. Note that it is not necessary for all these loadsich required voltage increases, and thus the operatian tim
to change at the same time. The operation time decreasessagduced.
more loads have to be supported, which is intuitive becauseConfiguration Flexibilities: We investigate the impact of
increasing the number of supported loads essentially @teic system configuration flexibility on the adaptive reconfigioma
a heaver loads for the battery system. Furthermore, we @n gethe following. The operation time with different configur
that compared with the baselines, the adaptive reconfigurattion flexibilities (i.e., the vertices out-degree in the gnhare
achieves aroundix gain in operation time when only one loadshown in Fig. 12, with an average out-degreelof2, and
is supported. Although the gain decreases as more loads ngefkspectively. Significant increase in system operatiore ti
to be supported, the adaptive reconfiguration still obtaidg can be observed when the configuration flexibility increases
operation time even with a load number of However, the increase in operation time slows down with

Battery Voltage Diversities: We then explore the impact of larger average out-degrees. This implies that an excessive
battery voltages on the operation time. The battery voli@ge high configuration flexibility may not be desirable, esplygia
controlled by the parameterin (10), and a smallex indicates when considering the fact that the configuration flexibitibes
both a higher voltage diversity among batteries and a lowest come without costs, e.g., the implementation compfexit
average battery voltages. The operation time witlvarying would be dramatically increased.
from 1.1 to 1.7 are shown in Fig. 9. Note that with = 1.7, Besides the average configuration flexibility, the distiito
it indicates that the battery voltages are randomly geadrafpattern of these flexibilities also affects the system perfo
from [2.5 x 1.7,4.25] = {4.25}, meaning all the batteries mance. Fixing the average vertices out-degre® as explore
are initially fully charged. The operation time increases ahree cases on how the configuration flexibilities are digtgd
« increases because of higher initial battery voltages, aathong batteries, as shown in Table I. The resulting operatio
the adaptive reconfiguration outperforms the baselinedlin ames under these three cases are shown in Fig. 13. We
the explored cases. Furthermore, we can see the advani@ge see that the flexibility distribution significantly affe
of adaptive reconfiguration is more obvious with smalter the performance. An important observation is that when the
This is because the smalleris, the more likely that certain configuration flexibility is more evenly distributed among
batteries are close to depletion. Depleted batteriesfgigntly batteries, the performance becomes better. This is besaake
degrade the system performance if the configuration is rat evenly distribution pattern alleviates the negativeantp
adjustable. On the other hand, the adaptive reconfiguraiion due to bottleneck batteries on the system performance. This
bypass low-voltage batteries when necessary, which reduegservation serves as a guidance in practical battery rayste
the impact of the near-depletion batteries on system perfdesign.
mance.

Loads Requirements: The operation time with different B. Emulation based on Electric Vehicle Driving Traces
load required voltages and powers are shown in Fig. 10 and/Ne further evaluate the adaptive reconfiguration based on
Fig. 11, respectively. The load required power is set30N empirical electric vehicle driving traces. We collect twive
in Fig. 10 and the required voltage 8 V in Fig. 11. Again, ing traces of aroun®00 s and2400 s each, containing the
significant improvement on the operation time can be observeorresponding operation voltages and powers during thre ti
with the adaptive reconfiguration, which is abd#-5x of period, as shown in Fig. 14 and Fig. 15, respectively.
those obtained with the baselines. Furthermore, the dparat We generate the load traces for our emulation based on
time decreases as the loads become heavier, as a result othiese two raw traces. First, both the discharging and chgurgi
increase in either the required voltage or power. Note thatt battery pack happen during the driving of electric vedscl
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This is reflected in the traces that the both positive (i.aequired level by adopting additional electronic compdagn
discharging of battery pack) and negative (i.e., chargihg e.g., voltage regulators [41]. However, the additional pom
battery pack) values exist in the power trace. Because we onknts introduces additional energy consumption/loss 2],

focus on the discharge management in our design, we setaalt thus degrades the battery energy utilization efficiency

the negative powers and the voltages at the correspondeg ti - Another approach to provide the dynamic load requirement
instance in the traces to zeros. This can be interpreted asj@i¢y adaptively adjust the battery connections in the syste
load is imposed on the battery pack during those time periogigyestigations on this adaptive system reconfigurationehav
Second, because the raw traces are relatively short in ti®e, heen reported in [20], [41], targeting on small multiceltteay

combine them sequentially to form &0 + 2360 S 200 S systems such as mobile devices. In our work, we extend the
trace, and then repeat it fa time. As a result, @2%:“® ~ jnvestigation to large-scale scale battery systems.

550 minutes load trace is generated f.o r our emulation. Two necessary conditions must be satisfied to effectively
The battery packs for electric vehicles normally take th

. : . . - . &nd adaptively reconfigure the system. First, the systentchas
hierarchical architecture: it can be divided into a set dfdyg pvely re g > 3Y . ySter
S . o ._offer certain configuration flexibility on which the adaggive-
modules which in turn are consisted of individual batterie . . . .
. L onfiguration can operate. However, the system configuratio
In our emulation, we form a battery pack consisting 6af

modules each withi654P connected batteries. The batter flexibility is achieved by adopting more electronic compotse

discharge property conforms to the discharge traces shown FCh as connectors and switches, which not only introduces
Fig. 7 g€ property 9 additional energy costs, but also increases the systenmeimpl

Again, we take the non-reconfigurable Oracle baseline fmentatlon complexity. Research efforts have been devated t

comparison. The operation time with varying initial bayteriifgfst “ﬁgi o[fge?)r] c[ozr::‘]lglgilgg gixlﬁgt); V;;?rr:egzs?dnmaalz 4]
voltages (i.e., by adjusting: in (10)) is shown in Fig. 16. ' ' ) Y 9 X

. ; ! . ix switches are enough to connect a battery in any manner:
Obvious advantage of the adaptive reconfiguration can be.
. o Series, parallel, or by-passed. Our work advances the-ctate
observed, especially when the battery initial voltagesl@ang

which agrees with the observation in Fig. 9. The operatlc;ne art by proposing adaptive r_econﬁ_guratlon algorithivat t
: . . : . return the desired system configuration based on the offered
time obtained with the two configuration methods converge as . . oo . .

. S - configuration flexibility and the real time load requirenmsent
« increases, because in this case the battery pack has sufficie

energy supply to survive the load even without the assistanc S€cond, the system has to be aware of individual battery

of adaptive reconfiguration. conditions to carry out the adaptive reconfiguration. Many
works on battery modeling and simulation exist in the lit-
VIII. RELATED WORK erature [15], [18], [21], [37], [38], [40]. However, most of

Large-scale battery systems are commonly adopted in préwese models are computational extensive, and the simsilato
tice, and many research efforts have been devoted to irequire practical parameters to implement. Furthermomestm
prove the system performance focusing on the battery daf-these models/simulators are for specific battery typed, a
charge scheduling [11], [14], [17], [25], [32], the effe@i thus their universalities are limited. Our proposed adepti
system monitoring [27], the design of battery managemermconfiguration algorithms hide the complex low level hatte
systems [16], [30], [38], etc. properties by focusing on two rules of thumb in identifying

Due to the load dynamics in large-scale battery systenike desired system configurations: matching the supplield an
traditionally, the battery supplied voltage is adjustethimload required voltages and minimizing the discharge currents.



The most similar works are [19], [23], [28]. In [23],@wer [12]
tree representation of the battery pack is proposed to assist
the effective system reconfiguration when the battery fagu [13]
happen. We tackle the system reconfiguration with a differen
objective, i.e., optimizing the system energy efficienayg aur  [14]
solutions can also effectively handle the case with baftsty
ures. An optimization formulation w.r.t the energy effiaigns
presented in [19], which requires low level battery projesrt
such as thestate of chargethe state of healthetc. Our work 44
hides the complex battery properties from engineering and
thus facilitates its practical implementation. A reconfighle
series-connected battery string is proposed in [28] tOSldjL[ll?]
the supplied voltage to the load required level. We advance
the investigation by further exploring minimizing the keagt [18l
discharge current to improve the system energy efficiency. [19]

[15]

IX. CONCLUSIONS

In this paper, we have explored the adaptive reconfiguratigrq]
of large-scale battery systems to dynamically provide the
load’s required voltages, which avoids the low efficienguis [21]
of the traditional voltage regulator-based solutions.€eslasn 5,
two empirically observed design principles, our approddies
the complex battery properties from engineering, and thi£s!
makes it more practical for implementation. Specifically, b[24]
abstracting the battery system into a graph representatien
have investigated both scenarios with a single and multigh!
load changes, and proposed corresponding adaptive regogr
figuration algorithms. Through prototype implementatiorn a
extensive simulation, we have shown the proposed adapti¥8
reconfiguration algorithms can significantly improve the—pe[zg]
formance w.r.t. system operation time. In the future, wd wil
investigate the trade-off between the system energy effigie [2°]
and implementation complexity.
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