Apparatus and Method for Rapidly Charging Batteries [ 0001] The
present application clains the priority of US Provisional Patent

Appl i cat iwo 28ewisade4No. 61/ 405, 829, filed Cctober 22, 20r0T/uspa1ios13068 por at ed
herein by reference. Technical Field [ 0002] The present invention
relates to charging electrochem cal cells, and, nore particularly, to an
apparatus and nethods for charging lithiumion batteries. Background Art

[ 0003] Definitions: As used in this description and any acconpanyi ng
clainms, unless the context requires otherwi se, a "battery” shall refer to
one or nore chem cal energy storage cells (or, electrochem cal cells) that
provide an electrical potential. A "secondary battery" shall refer to a
battery that can be charged, or recharged by application of electrica

of Torcing a cur reRbArAE Fh TRTRE0 BLTREDMCrEHEid RS charger

and thus, energy. The process nust be carefully controlled. Typically,
excessi ve chafgi grade the
pert or mance. of UL ane pRSeR epFRAEh LR e Rl b e e O e
cat ast rorAtpipﬁca‘t'a)inIStstriel Noohl /45,528 fiteddddtabrer @2, 2O, mmecratpdraeedrhewnbn or

| eakage hly corrosive chem cal s. [ 0005] The process of charging
eIectrocﬁ§WFEg cells connected in series requires special care. Recharging
such batteries may lead to cell danage caused by reverse chargi ng when
fully discharged. Sone chargers ar desiqne to recharge such batteries and
they typically involve nonitoring iﬁﬂuusLéagg acr oss individual cells.

Speci al char gi hn| gues are us d to charge the indivj cells
uni form y. M&Z ThHe PFHafiHdny &Ptéw%w TEE o F‘Eﬁ%é%mtcéh%ﬁ létaéldotnoei t her

two or f St10CH aBhas Bref thrﬁ tt as taught, for
exanpl e, B%C%S %r gatr gﬁ N@?gn%ﬁ%%gk %x‘ﬂ Jr%ql g{r%at e s uct s, Inc.,
avai l abl e at http://ww. maxi mic. com appnot es/ i ndex. m/p/| d/ 680 (2002). A

first optional phase, nostly used ﬁ!ic'kgrtwllﬁf(ﬂt Cadm um (N Cad) batteries

havi ng signifi cant menory effects the full di scharge of the
battery. The

Phase and Ter r %oﬁn%gs éselist% éqfﬁlI%%GrS%?%bﬁaﬁngongt an p%?’m %fatlun’tl some
criteri Olthei @nteat rcqﬁhtedbtha’w’lﬁaﬁ Hbaigrgl’ shahs¢fanto onelotr agrc ottendeﬂldna@ylsfbrage
current. "C' is the batt ry capacity in A h uni t of char (often

denot ed seﬂscﬁ))r elgstroehsnpigd]celly)ihad pupidesan tlgcteéql@ete@aalaé acqange el(Yor
mul tipli ghe)ll Rferbo a F)Qtrtcr X BAioe Elfagécdc Sﬁd?ge bgglﬁaﬁoﬁ\lbf @(%tgl@%]ltcﬁfr}{ntat

2.4A or 2*C constant c rrent wo recharge-t tery in our if the
chargi ng was done w thout |osses, which is typ| cally not the case. The

charger limt 0} the current andc ar vol t age Lcally to.an
scouracy of 0J0H) taePiscHa huueftegreelaunt Dgiera e ro o O el |
Ter m nat R eeRSJueh tha€itlab8imAhtcd S LRS gé NgdWRNeAdREy. CTId SiBtcsdBrikERSes bel ow a
certain value, "or is based on a fixed tine el apséd after the vol t age

r eached p@rgﬁr}r]a')gommhlqﬂmh@lcally, excessive charging rates or charging voltage will

permanently degrade the performance of a battery and eventually lead to complete failure, or

even a catastrophic failure such as perforation of the case and explosion or leakage of highly
corrosive chemicals.

[0005] The process of charging electrochemical cells connected in series requires
special care. Recharging such batteries may lead to cell damage caused by reverse charging
when fully discharged. Some chargers are designed to recharge such batteries and they
typically involve monitoring the voltage across individual cells. Special charging techniques
are used to charge the individual cells uniformly.

[0006] The normal battery charging process consists of either two or four distinct
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[ 0007] The third phase, or "Top-Of Charge" phase, consists in forcing a
smal |l current to achieve the full battery charge. This phase term nates
ei t her w0 205988kt age has reached a nmaxi mum val ue, or Pafftuse01a/0668 ai n
Top-Of charging tine or battery tenperature. [ 0008] The fourth
phase, or "Trickle Charge" phase, is typically used for all battery

(chem stry) types except Li-lon batterl es The purpose of this "Trickle
Char ge t ensat e .for inter ttery
and 1 oss PORSSPorlfing TRRERASS o w GUBRL s PG i PPER R Vek 50 B 161
¢ 50 is n&iganeBatddane)ctd, In@vhilgsle atqmppMame@hﬁl Rphi/amh-w t h a I ow duty
cycle such that the average current is 009]
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batt eri ebattdryt e Sﬁ&ﬂﬁd pﬁzwh&ﬁetm:dit@gs tatlic hphaSeiomdtayt-Charkebbakcrmdt s of t he

| nvention . £S accordance with en?odl ment s. of. the present

i nventi on e“]&lﬁafé?}’paP%{‘cSl? indorging A PRSP LIUTCRETYH 1§ CHE?E‘P@%%/me‘EFH'éCha"dpar at us
has an i ?éa%ﬁlfllgé%oﬁﬁﬁntQJOQQ%J 6%&1&@&&%&1@& tip<¢hg tHé‘Bétﬁ‘eErf}’ cé}ﬁgltfinr A B'h}{nf or
concurrently measurin tery vol tage and current ditionally, th

appar at usf bimgea(ocﬂ'andblaﬁed bXDQ),ethc ouridrditin agipoes ie sylegad anefrecticaba fr om a

pluralit b ries n rocessoy ,f.or. rsive pd j.ng data
Char act eftSimEr Lo TodE Fails bifrRiohea Tohaony MELbRESE FaBRTasnl
nmeasur ed cHakdr® C¥rritR MARUErBRG o€ theRREryaR ¥, REFYMAL hAFinRalAMRhE Rmﬂi@ﬁta
received fromthe database. EI nal Iy, "the apparatus has a current supply (as
def i ned Hessesi whichas typigapl pohigie seser eTﬂilte chaigechatty boty) thheurtrat e shaggingover ned
by the Progess § odi f t he
o ocess o OIS Bbtcaths i s arth oh Bl 0 B B SRR S BRE T Bt B B}-B T

dynami cs c¢l0ITckmihakiah b@fsystdoaﬁﬁdometécmgtwheﬁ tiadrredP@Sr&¥ed Mo depitaihi cat i on,

or upon nonlinear systemidentification.
value, or 1s based on a fixed time elapsed after the voltage reached its maximum value.

[0007] The third phase, or “Top-Off Charge” phase, consists in forcing a small
current to achieve the full battery charge. This phase terminates either when the voltage has
reached a maximum value, or after a certain Top-Off charging time or battery temperature.

[0008] The fourth phase, or “Trickle Charge” phase, is typically used for all battery
(chemistry) types except Li-lon batteries. The purpose of this “Trickle Charge” phase is to
compensate for normal internal leakage of the battery and loss of charge with time. In this
phase either a low current (C/16 to C/50 is the common range) is applied, or pulses are
applied with a low duty cycle such that the average current is small (e.g. C/512).

[0009] Existing battery charging protocols are deficient in that they are slow, and in
that they cause unnecessarily shortened battery lifetimes. Existing protocols fail to account

for variations across batteries, even among batteries of the same manufacturing batch.

Summaryv of Embodiments of the Invention

[0010] In accordance with embodiments of the present invention, an apparatus is
provided for charging a battery. The apparatus has an interface for electrical coupling to the
battery and circuitry for concurrently measuring battery voltage and current. Additionally,
the apparatus has a database for accumulating battery parameter data from a plurality of
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[0012] In alternate enbodinents , the circuitry for concurrently measuring
battery voltage and current may include a four-port configuration, and the
i nt erf acewbani12gisesstiri cal coupling to the battery nay bePpatast@d/ 05358
coupling to reference el ectrodes of the battery. The processor may have an
input for receiving a signal froma sensor sensitive to a characteristic of
the battery. The apparatus may al so have a tenperature controller for
controlling a tenperature of the. hattery. 013] ln accaordance with
anot her  LBterde SBGHRIRE Ll IR e sharbite L oREORHER VG

char gi ngtla hakttyedayed Tdtd ofgdiftd nitasursd BAkrPioltagd and t@vérdiand agcudhtilasd C
representation of cell dynam cs for the battery; b. determ ning a charging
profile parmMeks dpgreeivediione theghatabree. dinatn the ppregs hasa susient Sghe@ppl yi ng
an optim o . d gﬁ;} i on

t he char glé%gedg{r%g%lﬂ fgg%ﬁ%ﬁ%ﬁé‘ %?%%ﬁ&%&h? %Igﬁe{hg rtfg?%gqf ﬁg%eéﬁas b%lg %rc%t% %Strore'd in
the battery. [0011] I 6B&ddmbodifeiits o€ theabmtioneht proctdser siepe adapaqployi ng t he

optim zed current nay be subject to a set. of battery-specific constraints,
whi ch, i HPREGHg 8 JiseeREPTREPI e dvapiuies fasthebntiche b fleleast bW B

char ge/ disghafasiGYaloRSor Jidh &Hﬁ%%%?gﬁtﬁﬁr@&énkiﬁcatﬂf e particularly, may be a

charging current profife. he net hod may have a further step
of tracking t f@012¢mpeltanaie embbdittvatshdla @ropjtryvoe cenqurizphy wicagirang bafeiym zed

charging current to the battery.i s al so hased, at ,least in part, on the
Cr ackeq PElisE RSB b B ? b - PO ERG o hend i micsEe BRI G ey be
based, atol@glo tHe RAELy mAbE sRHIdTEr tADLARIARRINT I REBINATIRDbARrf.OF the
battery. TracKing the total charge may conprise determ ning at |east one

i nst ant addepwcesspemazihave at @pviior skieifeoy sigipe fropna sasyr sgosifingtochar gi ng t he
PRt et Bl O 0 S PP TS, v 21
controlling a temperature of the battery.
[0013] In accordance with another set of embodiments of the invention, a method is
provided for charging a battery. The method has steps of:
a. providing a dynamic representation of cell dynamics for the battery;
b. determining a charging profile for the battery based on the dynamic
representation; and
c applying an optimized charging current to the battery based, at least in part,
on the charging profile and on tracking total charge that has been stored in the
battery.
[0014] In further embodiments, the step of applying the optimized current may be
subject to a set of battery-specific constraints, which, in turn, may be derived on the basis of
an iterative sequence of charge/discharge cycles. The charging profile, more particularly,
may be a charging current profile.
[0015] The method may have a further step of tracking the temperature of the battery,
wherein applying an optimized charging current to the battery is also based, at least in part,
on the tracked temperature of the battery. Applying the optimized current may be based, at
least in part, on tracking instantaneous state variables for the battery. Tracking the total

charge may comprise determining at least one instantancous internal state variable for the



[0016] In accordance with other enbodinments of the invention, the dynamc
representation of cell dynamcs for the battery nay be derived by neans of
nonl i nearweyst2sudedent i fi cation. It may al so i nclude a get/uskoinsssnal
state variables and/or a set of nodel parameters. Mreover, it my include
non- parametric data characterizing a nodel, at least in part. [0017]
The step of determning a charging profile for the battery nay be perforned

during a,course.of discharging the batt.ery, and/ or .charging the hattery.
foorsy vhaRY 38k B SRR NERL A SRNRlnt s BRSAG RN hFpddl
par anet ekarighgs forek Batery eurthpt Ahefingdihd bati@ye particularly, a database
updat ed during the course of charging the battery. The dynam c .

repr esent at i of0HO] depgcorpneivel ofhsF cmpedigientsaf yhovgyention) él@éiyaar@@t of

i nternal reg)tr@steﬁtaﬁgﬁ b@?élﬁ@m REGhE fhe bt B&fé:n%d tfﬂﬁ{egﬁsd&q{onﬁﬁéa!r sy@m?@ Set
of nodel paraneters specific to a genus of cells. e dynamc

r epr esentdentificativay It ahasalfecinblagded sctalf intemal statd vpasliles oid/ohacgel dodet har ge
cycles of a plurality of networked charging systenms. [.0019] |In accordance
W th yet PAABICHES: MO 1EF9S AR RONGRArdIRRTIC H@@ﬁgﬁ@ﬁﬁmémﬂét 4t LBy ded
for derilg'hI@_g enpirical battery nodel data. The network has a plurality of
chargi ng systens, where each chargi ng systemincludes a processor and a
power supply 1#H7s0ppbktep ofdetarmismy a dasgisepafiat or Bet hattexy. mThee pafovorck al so

has a seryver for recejving.data.fromeach of the urality of processors
and for rd}é]ft“ﬁgﬁf‘?fﬂsij fcélﬂ'g%na& e\l?ﬁ{tﬂyraé@%’é aﬁg@gdthgbﬁtéiﬁ"c representation of
cel | dynamcs [(imusb IWIERE BO&tRIf iR cDYar@@6lrsaf ctaPRyBH,Uf Ahi inthRfe pahdidérsg

syst ens. [0020] In further ‘embodi nents, the processor of at |east one

of the pHereddfrgm efdatehasegim moye patisulpdy.codatabask frstatadptiaing e eougserdn
representation of | am cs for the bhatt hased l.e in part upon
Cyot om 1 SRirel BB SRR e Mol B ey PREET oBlne BRRG L 021 ot Pon

of the DirMdegsSset of interndl 8Q& L arihbRs fpycaoiongpakterlldtiedvidhaltded, brwenbf on Wi | |
be nore readily understood fromthe foll owi ng detail ed description,
consi der 8148} RAAPSLBSEREHRC fn eews 8€ e p ARG fyigne saRresgatatipmmapijalsh be based,

at least in part, on charge/discharge cycles of a plurality of networked charging systems.

[0019] In accordance with yet another set of embodiments of the invention, a
network is provided for deriving empirical battery model data. The network has a plurality of
charging systems, where each charging system includes a processor and a power supply for
supplying current to a separate battery. The network also has a server for receiving data from
cach of the plurality of processors and for returning updated data with respect to a dynamic
representation of cell dynamics for incorporation by each of the plurality of charging
Systems.

[0020] In further embodiments, the processor of at least one of the plurality of
charging systems is adapted for updating a dynamic representation of cell dynamics for the

battery based at least in part upon system identification or nonlinear system identification.

Brief Description of the Drawings

[0021] The foregoing features of the invention will be more readily understood from
the following detailed description, considered with reference to the accompanying drawings,

in which:



[0022] Fig. lAis a mnimal circuit schematic of a sinple battery nodel,
while Fig. 1B is a Thevenin nodel of a battery, both prior art nodels;

[ 0023] Fiwo 281208868t s t he National Energy Laboratory priPOT/Usee11/051388 um i on
battery nodel ; [0024] Fig. 3 is a circuit diagramdepicting a nodel,
in ternms of which circuit paraneters nmay be derived using a four-wire
configuration, in accordance with an enbodi nent of the present invention;

hour st o appl{@ATF B e Pl SRp EReriyOoFSHTOBSE BB, SHTPLE,

f 1 owchar 1 BdepTakidugh mot@tdTabaftery, bétapgibN@t endaalst ery appl ying a solution to
a charging problem in accordance with an enbodi nent of the present

i nvention; [0023%@m #]depicty, the Natenil Engrey Labpragory prigs a1y Hthégmpdon batfesy
interroggtip@ the state of charge of a battery and for inplementing a fast
battery charge in accordance w th enbodi ments of the present invention;
[0028] Fig. 6[e2ap&ies ibatireriydiegrangdepicings medchdo odrohd € e/hidht dircain

enbodi ment of the present inyentjon with fhose provid

ed by .
manuf act OFEMELHRERY Pe depYSisHIg dlour-wire configiyaiann, i @C.COlfPaeswghég battery

lifetimejf.keRal §OME §ralhtihnddatigaodi ment of the present invention with

t hose provided by manufacturer-specified procedures; [0030] Fig. 8 is
a flowchart déMI28] iFng4as aptotofia sicaledtegihg shiveibased vh @sympla dicnmdielapplicd

par anet er s associ af]gi% )j(\_/ith a battery, in accordance with an enbodi nent of

the presEhCCHEERP
[0026] Fig. SA is a flowchart depicting a method for charging a battery applying a
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solution to a charging problem, in accordance with an embodiment of the present invention;

[0027] Fig. SB depicts a representative circuit for interrogating the state of charge of
a battery and for implementing a fast battery charge in accordance with embodiments of the
present invention;

[0028] Fig. 6 compares battery charge rates in accordance with an embodiment of the
present invention with those provided by manufacturer-specified procedures;

[0029] Fig. 7 compares battery lifetime in accordance with an embodiment of the
present invention with those provided by manufacturer-specified procedures;

[0030] Fig. 8 is a flowchart depicting a method for establishing battery and model
parameters associated with a battery, in accordance with an embodiment of the present
invention;

[0031] Fig. 9 depicts an aggregation of a plurality of chargers whereby data are
pooled to facilitate optimization of charging parameters, in accordance with embodiments of
the present invention;

[0032] Fig. 10 depicts the onset of current instability resulting from a small change in
a model parameter;

[0033] Fig. 11 depicts the onset of a corresponding instability in output and internal
voltage;

[0034] Fig. 12 is a simplified schematic of a circuit to be used, in accordance with an
embodiment of the present invention, for imposing a perturbing load across a battery to
enable measurements to be made during the course of battery discharge or quiescence;
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[0031] Fig. 9 depicts an aggregation of a plurality of chargers whereby
data are pooled to facilitate optim zation of charging paraneters, in

accor danceowntdnsessbodi ments of the present invention; PCT/USp@OB2}33%i g. 10
depicts the onset of current instability resulting froma small change in a
nodel paraneter; [0033] Fig. 11 depicts the onset of a corresponding
instability in output and internal voltage; [0034] Fig. 12 is a
sinplified sc ed ccor

rbodt ment of NG biisdd it FRRENER sofmidfe 87 fShetiNig M BER e ffiobnee Rinam os

a batter ymb@dlmbbﬂhepaeeeﬁtemtlan tfor mq)dsﬁ@ bt tiigg td‘aa aCOW §Battlry kAt tery

di scharge or qui escence, 0035] Fi 13 1s a sinplified schematic
of a cir enatle MeagEcEYto herm%dbmartl&f‘ecwr&erpf‘gﬁttemtaaqgmﬂlselrarglﬁe ¥r esent
inventio e&gkcénp05|ng a perturbing |load across a battery to enable
measur ement 2 16 be nmade during the course of battery charging, discharging,
or qui escencej0036] Fig.[1a036 lotviclart depittiga thithud farpertdépcth Reteo frehdaod; f or
perturbing .the state a battery during course.of charge or djscharge
and for Q tehﬁgoarse of eh%r%qrort%seatgﬁ&rle rfl?tgapﬁ&stﬁ LRGN RAhREAME RV an
enbodi mept a&BroraH@e @rtﬁaﬁe&bb&mt bfMe phSL ARG pESCI i pti on of Speci fi ¢
Enbodi nent s 37] Definitions. used herein, and in any appended
clainms, the term" current suppl y" shaII refer generally to a power source
t hat delivers el ectrons to a conponent of a systemand is not used in a
sense restricted to delivery of a controlled current but may enconpass, as
wel |, a source that proVethleddDespdpiién efiSpaiftnEndlodanentss a conponent and
deIivers such current as required to maintain the specified potential
(i.e., "vol [@035] shefirirdns: ASiusdd leartiy, amlriplahgzappendecbélaﬁn , dfeacign Ngireut rent "

shal | subsune t h |icatjon of a charg
supply” sha r&p P generalfy to a power source that deYlvers e?ectrons to a component of a

system and is not used in a sense restricted to delivery of a controlled current but may
encompass, as well, a source that provides a specified potential across a component and
delivers such current as required to maintain the specified potential (i.e., a “voltage source”).
Similarly, application of a “charging current” shall subsume the application of a charging
voltage.

[0038] Unless the context otherwise requires, the term “dynamic representation”
shall denote a model of the behavior of a system that evolves in time, either parametric or
non-parametric, and in which the independent variable of time is expressly incorporated.

[0039] While the term “dynamic representation” refers to a model of a system, the
term “battery cell dynamics” shall denote the actual electrochemical behavior of a battery as
a function of time under an entire manifold of battery conditions.

[0040] A “charging profile” is a function expressing voltage or current, or both, as a
function at least of time (and, possibly, of other parameters, such as load or temperature or
initial state of charge, for example).

[0041] “Optimized,” as used herein, and in any appended claims, shall refer to a
trajectory in the space of specified battery parameters that maximizes any utility function
with respect to any norm, both as specified by a designer, and that may take into account
such factors as duration of charge, battery lifetime, etc., cited by way of example and

without limitation.



[ 0038] Unl ess the context otherwi se requires, the term"dynam c
representation” shall denote a nodel of the behavior of a systemthat

evol ves iworomas4ssit her paranmetric or non-paranetric, amdTius2ethiosts3s he

i ndependent variable of time is expressly incorporated. [ 0039] While
the term"dynam c representation” refers to a nodel of a system the term
"battery cell dynam cs" shall denote the actual electrochem cal behavi or of
a battery as tj,on of i under a ntire nifaold of batter

condi t1oms. - 100437 f o Rl LB L BB Ah S DL TR B RS B9 bl g

vol t age Obatfey’TieAtost]Psddoh he @ns@of dimgé-ceNbaterles dsdwdler il 8o HansHerPesBi bl y,
of other paraneters, such as |load or tenperature or_initial state of
charge, fthst faskehmpgcetpchniques, prpgitsed in aqpidanee with embedigecath fdhepigsenand i n any
appended; I: I tra: I: . cified

Dot t ory. e Rid ol Whelnd Eh bRy R hlichih BB LA BREEH 15 any
norm bothera® m@ecoipkd tajtery sgesingner, and that may take into account such
factors as duration of charge, battery lifetine, etc., cited by way. of
exanpl e and wi{HdlitMPreRy ¢rat!oie, be unders Ood[tlemmbomﬁnﬁtnﬁeoféﬁwéﬁ@tl%lrXe@@ i bi ng
enbodi MeRtSidha MSo BE SHAN WillVRUdPRy a Gl L dRctBAL 08 hYditibfal MRSEbyesused in
the sense of single-cell batteri'es. However, it is to be understood that

f ast chargendtediei tha@stenpaladianctbdr ¢lectmde oraydrwaecasintet. Emodiofenthsretefrertiche

present invention S e. advant ageousl y appl.i batteries .

Cont af ni FAGCEMP SN Torhapeftus Budifig® BVER PR BF e¥erdiB b T b hbisRid Sphifcien
[0043] Mpe®yen4s10 ! TheSusk @f ReerdReled| Sdiaes, b addisi0 dicoRad S, @by Fhaithi@nt i on
described herein may al so be applied with respect to a reference el ectrode,

or addi t ifashehargd methodsidescrbesd heseinhinedre clpscly anantoriag thefintenod Kete ol ect r ode
may be ured. .Th e of .sucgh.reference. e rodes, .i.n rechargeabl
ot ori oo RRltoGi midht Beat Gy hsiBY AR IEEST TR ESinE RS e EEHRLRRRD S
2009/ 01045d& ated lvgsidis 6r Bf conRinefi @& &th &detlS 50l @xesnen%elraadé kéisonpH «hest éedes,
may facilitate the fast charge nethods described herein by nore closely
noni t ori ng t h&004H Ephayrpetes o cisuidasieny e Kbaring or dissbeimgs hafshyaéct he

battery. bb@erg S rﬂ{;%ef@d" ﬂﬁrd%dﬂlhtt ik ﬁﬁglbe%ﬁ%‘é&h&d%ﬁleﬁﬁlgn ﬁhﬂé fdgligsi de,
or in conjunttion with, cells, such as tenperature sensor, pH sensor, etc.
[ 0044] Farchypisrthasdasaifonciatwoiks oflelsmgntal Eloctricilangippgerns (vdicsicdnas gopmplea-
battery, the ttery is often nodeled, i.n order that it may be represented
numer i calMryed B IgIsdaRsaRris Hi%%gw@gha%g %Bffg%(%ﬂl ORSTREBViIE enent al

el ectri calc SAPAIRVITAMISENST 2 FPICRORR 3t NRdap SithuRkfonh TREL@AGE P . NOre
generally, Using SPICE (Sinulation Programwth Integrated Grcuit

Enphasi s ¥leotrochesitaCiodils cando findliyn Ebliaclsboxil aitddeimc, modedslesbher ditlom

el ectrochem c?l nodel s, and, fi naItI%/ "FI ack- pox" gfl ﬁzlilﬁ-(li;loc gogﬁl s based on
ei ther pAPAMELIY USP'R%B%@%EF ESREEFPRM0S, MLAERRPr R LD epRodimeg S wi th
enbodi meptSefindédAboR 8@ sntdtidve bt he 'Batté?l@ﬁa%ﬁ&rﬁa@ém&ﬂ@ oPhorl-pRapetricery: may be
paranmetric or non-paranmetric. For exanple, 'a battery nodel m ght be what

t he resperyeplefa batersmoded migbubawhat thoreapprsprpliths sysemarauldbe ta an wipwse t hus
a contin s _functi o) i u t of .the nt i nuous
Functt on SherBronE e OEOR AR & Y el the ndB, 378

m cr opr ocesfnbuPAmetorcmay fehlterdgitihael, es waildleanalas be SiyshaBharia used.
Furthernore for data reduction purposes and noi se reduction analytic
f unct i on&fRPrasesspi-based corrallerawhee samplgd Hatasysteme preged. drurthgmeare figlata an

| mpul se E%%B@M&fﬁurgﬁﬁ%gtaltlﬁﬂoifsé’gedﬁ&‘t?dmln%@?%umioﬁ?ﬁl‘a{%? 5@%%?0 ié’t& oqd sﬁfﬁ’%f and

represent ree free parareters. n exanple of a
battery d¢lnatighing fomcenal Aatinpalse bespengel foyethn fonexaogde tapde avwuhtedtoie novel

char gi ng roéoc | that is tgugtﬂt :ln t he. present invention, is that of
Spel t i noSceefd grder apd peprqsprind Rirth\galy BEGS Tee RIFAEESt hi um | on Battery State of

Charge Esti maj§ga3] WnidkaRle of a battery charging model that may be employed, in accordance
with the novel charging protocol that is taught in the present invention, is that of Speltino, et

al., Experimental Validation of a Lithium-Ion Battery State of Charge Estimation with an
7



Ext ended Kal man Filter, Proceedings of the 2009 European Control Conference
(2009), which is incorporated herein by reference. [0046] In a

si npl est worm2oi48evdel , a battery is represented as a ceQsRe11W61388ge
source. Usually, at a mninmum an equivalent series resistance Resr is
added to the ideal cell to nodel its internal resistance and vol tage drop
with current, as shown in the sinple battery nodel of Fig. 1A The out put

Vol age Yol bR (R vol  age

drop acr @sschRe sicorfapad ﬁ¢reﬁlwytref7@éﬂcage is, realistically, a nonlinear
function of the state of charge SOC or di scharge tenperature and history.

I n the Theveni40kinywpiepiey f%ﬁ%flm%deéd’n‘?ﬁ“ﬁb}tlﬁéﬁépf@?entﬁéﬁéélopwa@dé taged

resi stor 2 I

epr osent ayGr Unay BEia hifimbid B OR R SiEACIRGE FRRATs FREk)

Ener gy Labmoadtldtsyintetriahiadistanonabidlepy drapdeith (lrtdne abliskdwimioidk Simplabaikdrabl e
at Johnson e .., .

htt p: I aindak el Figol/vii R AiaseY QW tdm Hiegyetenr agferupar slos Srargudt @ . pdf . A
battery, .desl.0nakeds dfMAIAL %nﬁ%%@@f‘% Ale ARn c}rBuitCERY Sgéwe b?"tﬁ@v&lﬁ%e NREL
nodel i ncludes a tenperature-dependent network consistin a two

capaci todrqnmtedss Rese (Qpentveceiapaltigeos, rélistisallyi a eqtlingar ﬁllnamwdoﬁtbe stae St at e of
charge (SOC t he vol t age VCb acrps represents _the open circuit

Cort gty SO0 e BT e AABR R iR GRERF i B ReRe or
as a funghiBma@bn bh@padifh € defant & 98- Reshe 1ﬂ%§1ﬂel@§£&d'e@ﬁﬁertth@ sé}ibtsl%btistéﬁO' tage
Vo as a function of series current Is. [ 0048] More el aborate nodel s
r epr eseniReptetodppresdnboyaeharghr ee- d| mensi onal nature of batteries and

el ectro-chem cgs t her di f S o] r| ng
charge and di i@dﬁ‘gfg?.aéﬁﬁwéhhém% eqw%e\e}té ng%gﬁerg?; I%f)%%%% iéhmpﬁf) i's

avai | abl enoael (“the NREL model”), available at Johnson et al.,
http://ww.nrel. gov/ vehi cl esandf uel s/ ener gyst or age/ pdf s/ 43166. pdf (2008).

Typi cal | AP EME e veliglesandfucly/sperayaiorage!ndisse il Appstar it A batierant

del : di f
batt er .”23E%%%%ﬁq%é%faﬁéf%ﬁ.‘%ﬁ%%%??%nh%f@ﬁ%“s. P oS AR Ton "and
Par amet eltenh‘;&lratmtdapandent netwpOdkisBngafia ol aspesitafmodet efisrd thetceparitonC, whi ch

battery ch di scharg rep esente wi thin the scope of the
present i flvgﬁ ga@aétatq?tlrfé%fg”iég%ﬁ itheupltags abecr%%ﬁ@rqpﬁ?ﬁamﬁabﬁ and
time var g agcimRielotagd @f&m&&éﬁ%ﬂ%&a&g{m& vaAGiddsTE R.OR. SOREISR
representati ons; Iurrpe nodel s, distributed nodel's and finite-el enent

nmodel s; ﬁmnbaotf)dmc Starn@d%ctl@rgwa%@lnmdelfpm‘adethﬁ nuippt edtagt Moaske-fbostionagrf ad- hoc

nodel s and. bon" hybrid nodels; nodels w thout nenory and with nenory.
SGI'IGS nt

K_

[0048] More elaborate models represent the distributed, three-dimensional nature of
batteries and electro-chemical processes, thermal and diffusion processes ongoing during
charge and discharge. One such model developed by Kim and Smith at NREL, is available at
http://www.nrel.gov/vehiclesandfuels/energystorage/pdfs/43166.pdf (2008). Typically,

electro-chemical battery models involving finite element modeling techniques are developed

to gain a more detailed understanding of batteries and ultimately improve their design.

System Identification and Parameter Estimation

[0049] Broad classes of models in terms of which battery charging and discharging
may be represented within the scope of the present invention include: linear and nonlinear
models; time invariant and time varying models; Laplace- (frequency-) domain and time-

8



[ 0050] Once a nodel has been chosen, the next step is to obtain nunerical
val ues for unknown coefficients, paranmeters, curves, and functionals

(real - valweaofunsesstons of a vector space, such as thoseprexpsaae®dsi3nster ms
of Volterra kernels, discussed bel ow) using either a heuristic approach or
nore formal techni ques known as systemidentification techniques. A nunber
of techniques are available to obtain either such numerical values as are
used in ar ane t| els. A
auoh t ecRARAASr SRR HmBre RGO RS o R R PR S B hmOe s cri bed
bel ow. Pawafi@boktmadéls bard @arfﬁmfnb@ldmftﬂmc Bx€ o Qll-heB hiddelsyandgjckibok”
classes in that functions may al so be approximted by fitting curves with
stati c pavebnefelsimedds wiBoutrremasigndadth agmerei ent i st has at hi s/ her

di sposal a | ar r Y ag{odte e{gmegﬁj 81§osfe19 rthc% héxtt 's{%? 1§'R)d0%lta$in L g?&a@ values for

i dentifying n ues for conponen aneters and unctions,
val i dat i ngkﬁmdeéﬁfﬁ@&tts qsatarrmger@,rcﬂewa adeﬁm:@mnhBXtehyyal&&i funetiomsgfancoos and

uncertainties. Sources of uch t eac ude the fo ng .r ef.erences:
Eykhof f , SR8t 85h AYEIOET $¥Rag o tefpé%rog @Fraifﬁlalegz 9&5@8&%41?% 1&g queéﬁ &
Sons, (18&dhstic aﬁﬁ’i%g&’ﬂ o rﬁ&re%rmal G 1§Y0§$l‘?£§ B b herRbatioN tec FNREES RENT

DeS|gn and Data Anal ysis. Academ c ess G aupe, ldentification of
Syst ens, ng@ber @“dec;hnlwee greraviildile toQ@btaid t@H@)such m}ruq:rg;al Blstsomarcesstlii kcat i on

- Theory for 2nd ed, PTR Prenti Hal.l ., 999) . . 0051] In
Tost  casBdmS Ronadd] of ngml% Uil POPAFTRSE BOAR q%‘i Sefegwiges ale Wit

prel i m ngescepd®t thé bredéit @MEnA6n. &S FLERLEPBSloR PardRERiWnlihoh §aResdtrit 0 t he
nmodel and the nodel ed system For exanple a |inear nodel can be used with a

nonl i neamosiglstaemmotiggtiesly 9181@9011 qlapecerin that qunptionnahazn alse pe eppiongnased bt fiitmewhi ch
the i nput r%ngi rvgg g%r E Rgr%rlc %%%tlo%rse THA ﬁé}gger o) 901%19[18‘[ h 3 hls|71|1 d% 8&‘?%' fied

range. e- nmenor i nvarrant nonli ear ynam

system c Mg@md}&mt@&ﬁm}&ﬂ fond ﬂthn@ﬁlbdéls a;r &’at@ rle@mﬁ“ylag nwinkkca vhiues foe or der
Volterra series, of the form ){ =k0 + E- kn(sl1, s2, ,sn )x(t -s
)x(t -5 FOMPRIQNLS, PYAMPHEES @gizfunctuglﬁ v v#ﬁ@&l@@@heéqi sstimatingorderispad pampritss ar e

typi cal | ol nGLieRal Siq JRORLRGLY SELOLS 1P RLATEL Bi2RaRerdiByifle underl ying

field, typicallFy a sca such'as a voltage or turrent. ose related to
t he Voltesrfe]ansarles IS the Wener series. In the Wener series the terns

are orthogonalized for a purely random white noise .input, and nore readily
i denti fied UsiEakhafbrSyaseansientiiicagen: ResppeierandotiatedstitaraViley & Sons,

(1974).

e Goodwin et al., Dynamic System Identification: Experiment Design and Data
Analysis. Academic Press (1977).

e Graupe, Identification of Systems, (2nd ed., Krieger Publ. Co. (1976).

e Ljung, System Identification — Theory for the User, 2nd ed, PTR Prentice Hall,
(1999).

[0051] In most cases, before a system identification technique can be used,
preliminary simplifications or assumptions are made with respect to the model and the
modeled system. For example a linear model can be used with a nonlinear system, usually by
linearizing around an operating point in which the input and output amplitudes are
constrained to lie within a specified range.

[0052] Any finite-memory time-invariant nonlinear dynamic system can be

represented with arbitrary precision with a finite order Volterra series, of the form:

9



[ 0053] Korenberg (in Parallel Cascade lIdentification and Kernel Estimation
for Nonlinear Systens, Annals of Bionedical Engineering, vol. 19, pp.
429-55 (wop1xnspsnded t he foregoi ng Frechet theorem byppraseeig/ostsag any
discrete-tinme finite-nenory systemthat can be represented by a finite
Volterra series can also be represented by a finite series of parallel
cascades of linear dynam c systens followed by a static nonlinearity
(Wener system or LN syster’g W ener systens are instances of the class of

Tomer ston ol a2 R P TS TR VLU0 oo St em

(NL) and cascade systens including a |inear systemfol I ovved by a
nonlinearity and foll owed by another |inear system (LNL). Korenberg and
Hunt er ddwe Ikotpield ot ¥oleatra scaehare qym@llb'cfun@malsa‘ mamngnvwgﬁem pf(ram)ateand
Hamrer st ej n ens ~des I‘lb in Hunt n of
nont | neas &1 05 B &R e SRS ar i i i o ociBenbiE Mo RS

Bi ol ogi cal thewagtene el is ’t&@Wl&ér Pics. LBh44viedQ86nics tﬁ@f&m@'aﬁdbrﬂﬁ)‘g%d)ﬂ@@l
practical and efficient techniques to identify parallel cascade W ener
systens {@aumyclyrsdesruhianeise Witk apd mere wadibuidepiiiod wing foe cxamplaerossr,

gener al rgl%l ?ﬁ % i nvol ving a parallel cascade of |inear-system

fol |l oned nonlinearity and another |inear system (LNL) may al so
be used, as dc{a(mﬂsi b&drenberrg (exBmalle] Castaa&)rdemdzyﬁra@oeunaKerneTE@nrhalmnfoi| cation

of Nonl i near Bi oI ogi cal Systens NL Cascade Model s i cal

Cyber net PO&/n&gSysigms, %M@a@@gmu 19, nﬂéég géi%)odem)nstrat ed
that every,£apd th@qefégoﬂgwa EihbbiTh B/5ib e Whi . f3lofe-fFREBMe G

uniformy appr ox1 mat Iinite s 0 NL systens. f 054

Addi t i onaystamw phat cat bempne{setttmabjasénaé Violtnira perss cslyshseht rapeeseited dbarifonte Wit h
respect, nore i.cul arl to Wener. and Volterr e found in
e fol | Stg!PaPLF GG of lefpungarie Sefenty oISk dny S SpiiiirRe: el

Esti mati owiicP§yskdndbt ENQ@&t@mﬁﬂWHn@ﬁsysEaﬁs%Qiﬂ@ﬂmWsQﬁ@l‘ie SadsdgMddbisdablvan O
Nonl i near Systens, AnnalsS of Bionedical Engineering, vol. 16, pp. 201-14

(1988); aK@arseardwr@IOCéttstracturedEBfétenﬁe\Mhlph alsatincdwrdes Sfaninerbticmenpdd; eingiiingl

T6 pp. 8bbRRneb8GoRIoREPLRRERE AN o BPRES P IRARE LRl T ar
Bi ol ogi caystéius?cslmdwcuﬁcﬁﬂﬁlaarﬁgmﬁ@folwwt‘am&wr Hﬁﬂ’aalsy?st@fl (BNDyehredterg

Engi neerlgcg vol .. 250-68 (1996) [h An_exanpl e of the
i dentifi@ Haﬁtebfie‘alqpafite&icye% feehgiqees Wy dendity hat anan@rN e ar@@%ﬁ@i%i ng a

e e R S L e B L R T s e S T

J. Power ISenurcas Hamhersﬂz%asppde 5o8els,BipRZOA) vamamma]ajﬁ:@ v]/BlShl4

enbodi ments of the present jnvent on-linear tec h as t hose
Gescr i bl BHg ThedRBPideY darsbuedis %}ldbﬁ‘égaﬁ%ﬁts Ysp i Ry e figica

chargi ng Wl%ﬁ&r!;'y%ﬁs (P@WSU% RbGRaRe vﬁ%tﬁéﬁ‘?&nﬁﬂdﬁm&gs bP@ic GRGESN %fené}ﬁlt tery
charging in order to refine estimtes of par aneters. [ 0056] In

accor dan c@rwenﬂatlmomlnmgtaspamlleﬂ h@chteeafémtean-mem fodlnyedbgl el ssltlnmpnbmarlty

t ted nod b th d
Char o e s B RN A S R as Rk s Bl o
in use. Tpgthins szcazoszngwoazlzmgdﬂ&wogwamys%md@Mmgamoym qapRLRE i Nt 0

the device where the battery is used, or, otherwi se, integrated in the

battery &atemgticsaveli HpIppf i 34;c(ﬂ1%8réétlit@amndae@|he@mﬂ@m@1@ﬁt1@@dah@@wrw any of

t hese ca afie f FET) or
otner surodiBuEaR it Qb h SR aTdt SO nTRAR b EPERFlhubey 1o
drawlCUfoﬂéyhﬁ@ﬂLbhﬂg@&hﬁ while cell voltage and shunt current (Isl.) are
measured. The gate voltage woul d be contraglled by a m croprocessor to
provi de eit hell(?f’é 4 édditiomahexphisdfivarpd yhooupeod npﬁlét?aéﬁagﬁnhﬁ’&mﬁé@a@ensm%a|
(PFM, or.gulisau gata ﬁJ & Wothep bANAL 1RV Bm AL, @%Y é%ﬂﬁ B thRYb 1% Kvin
nodulat|on {0 results 1n a quasi - conti nuous vari ation o current and

vol t age wﬁhhnmqu|red excitation spectra, or discrete current changes are
used to provide a quasi-random pseudo bi nary sequence (PRBS) that is
suitable for systemidentification. (ltigshould be understood that "very

hi gh frequency" is indicated by way of preferred enbodi nent, however, the
scope of the present invention is not limted thereby.)



[0057] The circuit depicted in Fig. 12 presents di sadvantages, such as
potentially discharging the cell, and testing the cell with only

di schar giwgQ 201osesstt, whereas it may be 11 desirabl e t orPC@AtS2athes368 1 usi ng
bot h charging and discharging currents. In order to circunvent these
difficulties, active circuits my be enployed that mnimze battery | osses
whil'e providing exci tati on currents of both polariti es (chargi ng and

di h i | h t d Fi
Ty SeTar s T ot e 4/S o ol ke PO uGioh Bty £l B Gl O

are USEd Tr apglepling Vi@en%@d&ﬂ?ﬁ&ﬁh@ﬁ O}CWoﬁﬁﬁea‘#%?Qeth AndW geEEYditsiom t he
cell "B 1" and punp it into a capacitor . When the voltage across

capacitor O &neimeering, el deinp. ¢! 6@1598(89 a few volts, transistor T2 and

orocess, 1o KOFGGr ¢GYE NRAOHRG ey el P Bl S e BBk

M croprocessoyy %ﬁzfacﬁé@srcxgﬁals geBldnddecal ERRinBdHROSSIS 18, Ppeo PRt ergpogurrent | B
is neasured wt an appropri ate current sensor, SUCh as a | ow resi st ance,

| ow i nduct i on Kewenbergt es@ndée ddsirifcarionay Naalined Rielogicabiisems: Théerrapaci t or
G nay be mai d at he ceII C pen testr no ne by
%ﬁmez }7 Anpgls ob S v (ﬁoéég;c?p %%Obg F‘g”g?opened

a switch such P@mgc — NG

before starti r[lmasys\tnedmn@eerttﬂtm maﬁmmaamaealbaww%hargmg systb@QR8|w¥ihen t he

battery is under charge, circuits such as those descri bed above may be used

in conj umadebemarisHecheasesied Symamishivgar Gommpngnt aggytatie nﬁliﬂéﬂﬁiaﬂ‘é’ iy petyadad
erturba t t of

g, 14 OkBT0R A Bt BECRDRL EDRGI LT R IRl B0, LYBREL 7

t he cel | Sasrcsd)evh 104, fp. 558 b7 (2009).de abmé@fcatv&&ﬁh anlitio@lubatti eftyle(pkmelger 520. In

this case, the charger cal cul ate in real | requency
per t ur batVSRUIQT gRRILINEY taghmiques sughs thse dgsasi ed a%ewag i e{l HL%Vetfﬁ%Y Bhar gi ng
vol tage @f,, %arr gmn- ( nglvao Ak G R kebifhi y&h&@&hg aesrbE% ea auﬁﬁglhet' e,

during the att ry charging. térnatively, ch 0~ may
i ncl ude aowspaf tterycéhacging irserdér tas*eﬁimsunmtbsrorﬁnﬁdgl paftanetmrs par aI lel with

its specializ rg in circ wher ei ther be ced with,
or i nppar al | e%j%%T E“ aﬁ%? ﬁh F’Q@a chghe Wfse HRED§Q, I’i‘?oéjﬁéﬁg?yab%ol t age
than t heeﬁﬁhéted’%'r‘itﬁ?u%vé’@ﬁfodeﬁﬁ?arﬁét@@ Inhe§1 BYobtAR, bh@Iddehg Eﬁ)ar?ﬁglé%tt&@ace

requirenents, inductor Li may be replaced with a power resis f he
cost of avhslbrltgmdraelrﬁéirfgydcbl@g gvork or whe{lamsgpt iMvee.c B0 Fhisprtk b speaialisércuis 8Wyf or

several purpose sr des r rtant Rar ane

Cypcal | 3 SBTPRRCRE SR R S R BERE T R A SubPLE h Rt !
capaci ty il @ktaitérytchsinpat hlarpnﬁ(eu RcHopidtio rmh,c1r6@r toabd usell &f @iy edhése cases® at e of
Charge (SOC), which can be either used in an external displ either in
absol ut e depiciedmFigy &2 whrie: fieldgffee tranpitonfE Doweth %@Fﬁbﬂq@l&%\mg dexjpads ty
has reach hat

o est; mari g 8 fing policr (RUE, b BB frcrlfrchi e 18l WL colf OB Shiy

t he cell cﬁrtrﬁtt(ﬂsmﬁ)e aresthedstiredg Tae new V@Ittageg@oa‘lyldieeonb@ol&eﬂ Hy amétebpro&Sor tand

estimted ce terrperature i nformation may al l sed a @so for dj usting
the nodePFay! lﬁlﬁr % Vefevrgelrqicpeppulse requenfso@eérlare Sigpat FRDgeree-cat i on
non- par a%&tﬁ'rﬁod{ﬁgﬁ)’n%lé{ gtWMr%e |a11§}' 8%% @E ﬁﬁi)d‘MaEHn 3o r&lu?&hl apgﬂ‘am-
representation” of a s aning that the nodel itself doe

necessar conytingoes dartadion oy cumesit gtndl voltrge witheregqyistdeancitatinmhspastrd, s dishigsi cs,

Ko edgbuitShaleet i s Rerpyan storset eesreS HEuer Saurca e R bliREt
finite ekgrmn forDeleds 1c(elﬁﬁmauohbrr@gr@mdr&tmwddaaehatt‘%@mlgu%q&ﬁ botist o map

nodel s from one space to another, i.e. froma non-paranetric no to a

par arret r ingdigaggcdy Wiy efprsfofrgy enfoodln@narh@rr@verathwnwer@fethe Miceene invigpier is not
consrstragn%dtﬁre§pﬁar system as represented by its inpul se response,

foll owed by a's i‘’c nonlinearity, may be converted to a paranetric |inear
nodel (e.g. s{@I5} Ipaercdt ddpiaedineFigf ms&&)dlﬁdﬂbhﬂu\@é fihas po@hiidlly
nonlinearit Then the paranetric nodel may nore easily be amenable to the
esti mat i érrcf)éargrnatﬂéer% ang} (seidngsibs crlhwrth@nby%lﬁmglmmwr‘@r picEcas 4t MARPE ng
first a non-paranetric nodel and then cgnverting it to a paranetric formis
often a nore robust technique of paranmeter estimation. In this way it is
still possible to obtain froma non-paranetric nodel and a-priori know edge
about the systemstructure to estinmate the state of the system(e.g., the
SOC of various conpartnents) or paraneters (resistance, capacitance, etc.).




Design of Charging Profile [0061] In order to develop a charging
strategy, first, a set of physical constraints and limts of the battery
nmust be kwowni2/dBese4exanpl e, exceeding sone limts, suchra3/use@nAyBBs age, or
current, or cell tenperature, may permanentl|ly degrade the performance of a
battery, thus, such limts inpose constraints on battery charging. For an
optim zed fast charge algorithn1 the goal to achieve is preferably
expresse e fun her.ei n, and n

ol o e Prdp B Bl Ro R o0 PR Qe o e ABRREEE o
nore par gt eiffcilia) a@lve@pchild may boBmpRytd frt ﬁﬁtﬁhﬁzé&t‘t@iﬂbﬁ@ezwmé maxim ze
subject to a specified set of constraints [0062] In additions to

model i ng PEIVEEDE Pratatipn paretepishoth nelAribes (@léargmwmi dipshaggmed upsepplifisfodel s
can be al cch% 'Ec ld??&h a! T gﬁ%) gc?lnvﬁlgb £ ’E‘BC}H* ni%n{v% ﬁtéhl;\iﬁggv?c%?nfleand

|nvent|on to I nc er vari es su 'h™as ce
i nt er nal Tpr ﬁﬁbh laB &w-dss FETs, are u@ddOlBﬁa]nmbm)r Thendimjuces . 1casescdith dravbgrecgyt ve

function _woul d “nhni zation of the ch time. For exanple if the
bat tery &om}4erel %br%‘ggmﬁ%ﬂ ) ae@ae%a&r%tl oI Yo 4 eprome uSi ol R

where ' max-d.gs ﬂl@%el@%l"ta?‘g%t o {0ty MY iTRYGe 19 &B%&fcﬁﬁ&qw@uyéaltagaﬁ)acr 0ss

the capacitor, then the obl'emto be solved is that of findin t) which
m ni mi zesulwdmfogcklglta ihmbaffergl Veming s ipritcesps tie celf wattagenV erivhand €fl cufrent) ik |

subject to the constraint 0064] The
sol ut i onntaatﬁeﬁv%a%fﬁéﬁ%ﬂncmoc a0 ﬁf?wfitfzﬂl erdifichigh puRkseP ohs PdY noa,
battery opgaltIB id mchiRad With ay apprapife bt @é}{sbmhclf?é&rli o re§ib@R¢Y lovand t he
solution is in the formof bang-bang control: the current | is swtched

bet ween infagtighelrenibrane resigiareiHal &lchs@sora?fée ﬁmmrdil WaE be npoltanpdat
subj ect Ehe ce Voﬁgé%n\ghg t'eg'tﬁn%ns %0%61%%& ya | ik stuglg)aﬁ 3 1, 1§ a%llyethSI mpl e
WOou

capaci tor urrent use ?he

full chalfeg@y Isslcsedni @deds opened befd}%ﬁ}n §rsyprbﬁlcltierﬁﬁicaﬁme;mhmehﬁe vol tage V
across the capacitor cannot be nmeasured directly due to the_internal

resi stance repdBSbNYlan thybatksy isanidst drargr, crr%tsmlt afosgglesgribedahaye may
N
actua Yb ?‘age?ﬂﬁ%gnﬂﬁét%%ftlp r@léaggél%?{)/gﬁo)v&}nih\l;zégﬁﬁ to ﬁ‘mlvi(ﬁ‘)é %}I?Vméﬁé@%?m}sfsi S

requi red fromthe ‘power sou
further setopesf theshatiapcerrassacshatvadn vict ffowdhertod e dti Morofvet, e lbgictfery to
the char %rov? n%lg ‘Ehcelileéulslte perturbations to the cell as shown in Fig.1, may be integrated into
battery charger 520. In this case, the charger calculates, in real time, the high frequency
perturbation signal to apply, point by point, and adds it to the charging voltage or current.
This calculation is typically performed in real time, during the course of battery charging.
Alternatively, charger 920 may include a separate circuit such as depicted in Fig. 13, in
parallel with its specialized charging circuit, but where C1 may either be replaced with, or in
parallel with, another voltage source, V2, that is higher in voltage than the cell voltage Vemf.
For simplicity, and in order to reduce space requirements, inductor L1 may be replaced with
a power resistor, at the cost of a slight energy loss.

[0059] The cell model can be used for several purposes besides charging purposes.
One important parameter that is typically estimated is the current amount of energy (in
Joules), the capacity left in the battery (in Coulomb), normally referred to as State of Charge
(SOC), which can be cither used in an external display either in absolute or relative value,
and to turn off power when the cell capacity has reached a lower limit that is safe for the

battery. Continuously re-estimating cell characteristics also provides an accurate estimate of
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[0066] In order to mnimze battery charging tine, the paraneters R and Rs
must be known. Rs can be neglected in nost cases, yet this is not the case
for Iithiwooomsesstt eri es where currents exceedi ng 25A may/useoidoarsss and
where even a connection with a resistance of 1nf2 would create a
significant voltage drop of 25 nmV. Rs, in principle, can be obtained by
measuring the resistance of the | ead connecting the supply source to the
capaci tor,, er, a better solution is avalable.hp the f.orm.of a
Four o r oA R el SnelontisOslel kel mPBoROf A SRS RZRT | caus
ar e usedierip¥@athRdd®radti@nthay 3l 6o WRd £& Br Wijustingathé nAe iy WRAEhQNRK e g
current, while leads 34 and 35 are used to neasure the voltage Vout. Since
t he circﬂﬁﬂry 36 used to nmeasure the voltage has very high input inpedance,
only a negligi - i e W j -Vaut ,
and the rreasunl(lmr?g ! Ztyé%sr%% ééelﬁ@g%“é’?ﬁ%’ g?’aﬁ“{e‘?‘? %lédgggﬂeﬁg@?ﬁ}g%sgp (lfq%tg?(m\}/{mq‘lt hi n
t he scopéblatk-borergpraseation’ rofersystom, meanipg kg tHeanddud ithdf d@s ot dvetdadty f or
application of current or for nmeasurenent of voltage or any other quantity,
may be witH P, angringightpaiorthe st SRYEAOE RIYPSHESEMIT BB riThe s iftetier R is
Lypi cal | x1diRld eBloBYt EHRAIHBNLDvAE S S eh dBRNAI Gofd PRl ARReRERNCE
with preferred enbodi nents of the present invention,” the paraneter R |ike
ot her datmtrdhaedaftniterdlerneny nkelehd FEMYf Hovwwykt mathamggedl éschorquehenisido erapzi ng
ot her nodel s be derjved  ,and updated during the rse of the charging
and/ or  GISSREEIMETCYEre OdeEdie TP AT Bymarcaidelo BRIBREH doTBn 1 or
exanpl e, 119§ walEolBastpl€ noalih@e eV ich&thbdg camtingdf 6 Uk anysténehdptdinted
resi stance R~ Measurenents performed during the course of charging or
di schar gbridfs iopwha¢ ropponsel falewed bha statignerlingaryemap bp gpirenisd tow piragctpect r a
exceedin he | rnal .cell nam.cs. t el t to.the. chargi.ng pr A
o068 Onrein edth € sy PYOPEETTrlsGiol) Bl vh A3 RIS AR Bicer o
As an exanihetrid @bddl Reryahé@hsilydepinedrablelitd thd @tim3tio@oCukdredl thrédees theay be
applied and the voltage across the capacitor neasured. The ideal charging
curve 40SysierehEurthqrmetmestinséiag fisst spewrparamatyigmodel and dhencepnyveytingfit te @r r ent
step lo f Y i i -1n: volt Cross
t he capa@%?g%%ﬁg%g?ﬁg?ﬁ%ﬁiﬁ%h?gkﬁﬁf&%a%@%??gﬁggm%%Eﬁg%%ﬁ%éhggﬁggﬁga%rived
as V R - still Possible to ¢ud4i6 FjonTh eos-paphesic mpddl aad a-ghiaridinog1qlpo tbamalthd oitethe
system described in terns sho¥n in Fig. 3 coqigs%s of the foll ow ng:

structure to estimate the state of the systern%e. g.,the S of various compartments) or

parameters (resistance, capacitance, etc.).
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Control Vs to maintain a current I=Imax until Vout = Vmax + R 1., where
Vmax i s the maxi mnum perm ssible internal voltage; then Control Vs such
t hat Vow.we 20reens4864Rl until | falls bel ow a given thresireirdis20m/o0asé®r dance
with certain enbodi ments of the invention, during the above procedure the
tenperature of the battery is actively controlled by tenperature controller
37, which may be a Peltier-effect controller, or any other type of
tenperatuye. co ol l.er [ 0070] Typically, the objective function in
the char gjleﬁléng?brga@éﬁgrroﬁﬁs defined as a function of total charging time,
efficiency, depoeadln sider fodevbioptal cR@rgirf\rate o Ufifs€Atsel dfiPhlysiclialonbttaittebhy ed
fromeither the manufacturer specification or through neasurenents.

Gener al | Yimits|od thahettgnynguy e nai c Sar sempkp cacesdmesemeNmyifsiych ag exer-

p) subj ec < I ERNE f 1 rnal
state va&?%%eégﬁ(%@e%l figggeel%/%%:n@\,éﬁg&rrg’e%%ge nt g%héde ecte\c{)fr?eclrgfégg)éﬂq1 a%%ega%et ers,
and b repatasenhss, lsudh limithdipdse chstrainteadedteryltiargihgt Bowvar opadbhiesd fapcl ude
internal voltages and currents, while_paraneters woul d .include jnternal
resi st anER&ge %@B%@m,éhﬁc%?} 1q ki ArRis e anly gxprossed as foePiggiveiERetiont Adr an

optimal, 4@y t?eréﬁ,tdn%fiﬁlﬁﬁ?é%ben a él&ih%?tﬂe%e&xpl‘ﬁbge&i% R t6R @D PEQP! em that
solution 1s used to char the battery, 1 n accordance with the flow chart
pr esent edurichofrbfondok mdieeavipaters khrat e dptiolzhbgrerovtoe seksamunmizes02. The

estimated initial,.state (50 and.initi.al nodel estinate (503) al so serve
as i nput S PEHSYRHE O?ﬁéecéé%di%g?fe@nﬁtﬁﬂ’éﬁ& state (504) and(sys%em ?deI Y

(505) are derinmd] It &&kRESHs! Y Blodelily cle@BbalGREdnNer9f sush ORI QItagd By 1 t hm
(506), as el sewhere described herein or otherw se, the charging voltage (or

cur r ent) cugcragpodaleepn(B1ayo bousicdas apfordanse eviihpumbodimerts of hgdresart one or
nore volta 0] e .current [ I enp L ur tc,,
cont i nue T ARG inelR R aiibis w g Pl PRt FERE A RS wrPiels " nas

been stored i MOOBE IDAktsenYcitTald, arkdfecase aunResh SolilibedainghFanibmerl the
optim zed charging current. . [007\%]61 A systemidentification algorithm
is appli ébﬁremgyn}e-alior@%@nﬁéf Be badayicpeld bsapbiosimyedhy dicarpcter C gt
estimati Qn. up : tve O i S,
oror NS R e A e L R oo I Ly O PSRRI E.
wi t h ref esgmiter, ttenFhgprohem wibrei sotyetl iethaoefi faelingf [((Dedscr @memizes whargingrimye be
per for m&*@lr duri ng_char ge, discharge, or quiescence, circuit paraneters nmay
be per t ulbBBE¥Y BT HYeLrae W9 posi ng a nodul ati on of current or vol t age,

T

V. .= CI I(t )dt , subject to the constraint: 0 =) = hnan Ht) S g (Eqn. 1)
0

[0064] The solution to this problem, and, similarly, the solutions for all linear battery
models, is readily available from optimal control theory, and the solution is in the form of
bang-bang control: the current I is switched between I« and 0 when “switching points” are
reached, where solution subject to switching points is well known in control theory. For the
simple capacitor model, the maximum permissible current would be used until the full charge
is achieved.

[0065] In practice, however, the voltage V across the capacitor cannot be measured
directly due to the internal resistance represented by the resistor R. The voltage Vout(t) that
is actually measured across the capacitor is ¥su:it8 = Vit + & - &} while the voltage V;
required from the power source is ¥o{t} = F{td + {8 + B -JG) | where R, s is a further series
resistance associated with the connection of the battery to the charging circuit.
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16 preferably at a rate exceeding 100Hz and nore thanl 0,000 data points
and characterized as "high-frequency” nodul ati on. Thus a "Fast Charge"

t aki ng t hweeorriosugees (or 180 s) sanpled at | kHz woul d r esmus20m/03868 000
sanpl ed data points in tine. A perturbation of any waveform may be i nposed
wi thin the scope of the present invention, but normally is designed such
that it provides enough excitation over the frequency range of interest.
Once a nodel | ained, the mode] itself used to £0 te either an
opt 1 mal or - mof BT IFRME e bt PROR R el e ik BBERR R E BEPH By Sy
further expefi Recdneld g]ecddas uios&iREs yoRHR it RotaROb44B Gér 1aRiuM fofl ahi€rics
perturbation, or otherw se, provide for updating data, paranetric, or

ot her wi s &NCEGHSICNIS KoY ineEs Avmpy B¢ glravgirald where even pgppnpctosnyiflor IsisGHEs t hm

(506) is ) i i if fer

s e PhIBCEURRY RS BlnticalQohdl dbg BeMRNIA, FUERERICEAI FPOiEd
vol t age épehaasurimthe rdvisminot afithic dendwiohiicatiag plecsupply saunce noth®dapaciot.hi n t he
scope of the present ipventionﬁegpwever a preferred normis the absolute

val ue or HOgifaPle 2 SPUeTHE LR fepaeic HethrdRim phe QAT WndguiaHpRARdIsoBRES er y
voltage ik RrffiRetd ket IRN9Rad HLARORIVDMLEHY aHObS BGRpiNYwRE phifte known

techniques in control theory could be used to this end, y i nvol ve
nunmer i cakamying nharginigenrreecivhileleeds 34mutkdS amwsedtioancaama thhesltigad/ Jar Sfrickes

can be either pre:estimted fromthe del and nodels could al so be used to
conput e Uarieuly 4 st T e Ry i o cogh e O hEaid s paY arsRgell
[0075] | BuR&R Ilofang theWfrdl 34885 akdd 8 MRGHHoREN], San@fthd MBasufiv e BErbOR nedliglBRel Mum
current is applied, at any juncture in the charging process, subject to a

set of béitis &r Yo wplssitdddcthefowsthingthp seppe of the prego7@y crtiont paupbag tasthgfbatiery,
sol uti on_provi d .h nt r ol | gorith t har ai n oltage..Vs i s
501 st o0 VPERES R85 Rl oP AP by A 4R Bbnc SIS RAN & AE MR WBER TS | o

t he devi@e“mnqyyﬁqﬁ?minﬁ@ﬁhypafamekgis pand limts b as well, are then
recal culated, and it the charge is conpleted (59) the process ends (500),
ot herwi se, t hé0097bdbs pajametar K iafgucally deriveq by oxerimepisyandsystadw to Fig. 5B,

char ger ?&nﬁﬁ&atfo?u.s El%g@h%nwvﬁt}ﬁgﬁ&@ﬁ&%’ oI ts%fﬁ{e\?aqg.%ﬁg% icnOfhe

i npl enentation o ast charging. In accordance odi nent's of the
present paaenrtdr &) likpotheedaach8ictomying kanels ofin Mahttrrasdidios tharaaalizing dékr dat a

and values of internal battery states in nenory 98 . 0078] Typically
a conput rodBbnmns _51: eriyshier ugﬁaﬁfﬂﬁ Juries (e ReviAe Phhechereg gl é@&']?araﬁlgh a
pr 0CeSSOky AP BbaHANREAL Decthdlufith, fIRxaMbRUbS 1€ hicdife@ 0k TR IR ™

current, at a l
the applied current yields the resistance R. Measurements performed during the course of

charging or discharging normally include high frequency “perturbations” with a spectra
exceeding the internal cell dynamics relevant to the charging process.

[0068] Often, simple heuristic techniques can be used for some parameters. As an
example, for the circuit depicted in Fig. 3, a current step Iy may be applied and the voltage
across the capacitor measured. The ideal charging curve 40 in that circumstance is shown in
Fig. 4. Application of current step Iy results in an effectively instantaneous jump in voltage

Vo across the capacitor, so that the internal capacitance resistance can be derived as

[0069] The simplest optimal charging protocol for the system described in terms

shown in Fig. 3 consists of the following:

15



typi cal frequency of 10 Hz or higher. Processor 39 may have an input for
receiving a signal fromat |east one sensor sensitive to a characteristic
of the bawvoeniz/sissal udi ng, for exanple, tenperature or pHI/USROIA/0SEER
obtained fromthe battery, such as battery type, batch, date of
fabrication, using either an optical reader, RFID (active or passive) tag,
hi gh frequency nodul ation on top of the battery voltage, etc., as well as
froma comunicati with a.mcrochip that. keeps, da uch,as \nunber of
Feonaror ng. by coaeorDs iR b S e RS ot Rl Whete Vit gty
Processor 39 pRirdhfQcaRNEbR ihRfRelatdeaheentroller 37. Wthin the scope of
the present invention, portions of the control algorithmmy be executed by
har dwar e ore sébntwal és stichiikat Wait=hV ax ttie | potndrfaBspgowy aigiewl thresholdxt ernal to

t he power su and the power. supply, may be cqonfigured such that.only the
i o SRty FOR e SRan BRSO B e org Sk S s BBy ovi deq
to the pewgfersthRIfYhe battery is[a8@RDY codiirotlel bg A& BSoratute dohtrBlléd 3T dlhidhGhay Be
exceed the device limts as the device performance and |ifetinme my

i rrever spclicarfleetcedtrolier] ¢riny othor dynsod deraeadatyrd spnbgller. rel ati vel y smal |

val ue. Theref I I i r ef. e Thodi f

i nventi on, voﬁ‘g’&%ﬁ?ﬁ%ﬁ?@%ﬁg“wgﬁg%ﬁ% ﬁlrﬂeﬂeacggl%gpaﬁ:(ﬂjagagttsef}'r@&ef\}m%%hasf hi gh

| evel of fartiuh atiotal gh&ifigairhy, cfiditheg, v igiconnl atib@, 4l 2<urkdnt Bmiti thatds der
to achieve an accurate control and preserve device performance. Further

di scussi ST fm sithatenmangfaghes yrocaiifatipe ReRreughdneaspemsats. Semgpily. the

[ 0081] Fiégar ﬁg&%?&ﬁ%%gnggg}g Ligqtd.mes using an ultra-fast charge al gorithm
in accor an%e th the present invention with fastest charge tine
recomended by the batt evlgximamuf(aqt)ur ersubjeeinoy eAGOH ,depi ct s t he (Eque)
progression of a charge in ac ordaa?ce wit.h]Prraag&act urer reconmendati ons,
Pl cat | RGCERAEPEI Gt Y BErR ST HArEAP S RAPGACTICC. R RIRGHS 0 Y998t
seconds. nBycCoRihasts; al BEdpr&ents inARGRE BARC& . the dRachins iRdudde

present invention lead to the charging profile of curve 602 in which eighty
per cent oftemhlevalioged andivarrgetsi whidg paimetdrs3gould ewbridgntefat reais®O96ss educt i on i n
charge tine. ’ . %0982%33 F{' g. 7 conpares the total energy stored in the
battery f@?ﬁ’r@%cg%dn e Cent age of initial capacity) as a function of

time, based upgyTIRONS SiiiE: An GPEMIEOH h SENRELERyCGltRINGE fRiINE 8o BRIchE@ing Af t er
7,800 charge/ di scharge cycles perforned in accordance with an enbodi nent of

t he pres@mblimnibaftsplion ifsce heelpyectip Rettery, ingiceardensepyithcthe flewrhartdecr eased

to 39% of_| § it . . LY, en a Yo k.2 years
2" rmont ho PEoRBe L) A Bl Shen RGPS e AR TRE PRI 2 Y2
char ge/ dsaeh@0Yeand)ititiebhoddl @stinatt §5038 @%oativeras Sppea fisnawbich W ¢vaniatedl (2995
char ge/ di schar ge c(pglaeg). The cha 8i5ng procedur es recommended by the

manuf act MO8l a8 e gdel IS hEp de vy ByPetively- BY 2ppliratenobt t he
initial ; 9 c 3 tter

| Tfe in SORRISIBHIED () D R B o RN e el (i RE L DT
i n conpaciusan) sadjstedddl JeyYrladaof systematagameters, such af 0088] myvarvodtagesnoates of

bat t t t Ki d.within th f th t
nvent 1 offo"s FITAGHEy PHAACEOT EHPGHEI g - 6P HHCBPS TEAMuHbUr) 1P JERERE i t b

each chaggaofy hed et RAWEE YoRANA RSB Yrabl& '8 a8k T8 RebrRiitiRe in
iteratively in real-tine as the charge progresses, or by keeping in nenory

all the rpamincddhggmgaugentt each iteration and re-cal cul ating the
paranmeters af t[(ﬂf72§ h& s§s@eanr1 gc?eni[iﬁcﬁ%rrrlpalllggn%gﬂl isDa?IngflreH‘i (gdﬁgasBe?ste%v LY (fe:gcnrist;[erdai nts
herein, providing for model estimation (509) and the update of the state of charge, internal
states, etc., reflected in an update of the system model.
[0073] As now described with reference to Fig. 14, during the course of
measurement, which may be performed during charge, discharge, or quiescence, circuit

parameters may be perturbed (510), as by imposing a modulation of current or voltage,
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[ 0084] Typically, exact values for the device constraints, in terns of

maxi mum or m ni rum val ues not to be exceeded when charging the device
(vector bwoOrroBy34862), are either unknown or known w th &Crarsg@10sma8st ai nty
and have to be determ ned experinentally. By their very nature these
experinments may involve destructive tests, and nmay potentially require a

| ar ge nunber of devices before that the requisite data i s obtained.

[ 0085] Sa of the limts ar | ied by b manuf acturers, .and the
publ T shed et b Pty of2Rnd SepoihePRES Elda B b Shifien b,

val ues canigh€rcqbémynethdamtianf Tigt ‘Pastafhakfe tadng tieed dinu@kj (6E180V9 shi@ple
attai ned. For exanple e objective Is to achieve a very fast charge

when th
it m ght abkBrevapdapud itlgg%%ﬁam@aw@téﬁem@ndm% HePFBERIOASI 8negr adat i on
f the b : i f.i . of i.sch

ycl as, - NabEfohmBELAR HRICR Pifth A0EoREBERE bRgeUARGHoR i BBRRALSCPaLOP

pr ocedur designtdaaclothdain peoviddslenomngh erhadbnm®nrt theffrdgaendynuegd éfdnterdsy Onsaktah

charging paraneters and lifnts y be determined. On the basis of a battery
model t EIIES (FE1cgpig st ooy Bersego hompre ﬁglf‘%Yr?E_to@Flglai%@B’fedant with
the batt efpidRdelitatiah tHaPP%g%{(l%%)sﬁ%lﬂg HARREd in%ftﬁé’if‘etxﬁéﬁmbﬁaﬁ&{ iMBsEdmhd) - An

unused battery is insta its maxi mum and m ni mum charge val ues
est i mat ethadé ¥) corpamedn enthghe pércurbatronf eadthermasy, patviderfpr tydaeingdapaci ty, etc.)
of the batteré. bei n]getested. .The g??ttgtr%, i S (fhar ged (64) and di scharged
(65) for PAEY lﬁ_‘?rioé rWEﬁ%‘éqn_SNuBflg HEEETY mpds charging nethod fol l ows the

al gori t hm des¢ggagdoabervggithi (566)a5 eRGRYES, dehbrally, to Wilhingizé IR ddifsreh@r ge
follows the estimted antrci gat ed usage of a battery. At each cycle val ues
such 19 belsveehécanenshie infermahbatiyy velipgicraad craens eitgesiasetohe desised vohegeanount
of ener oy, OB A0 oty AliSe AL 0GB e, PRSI B th S 5oL¢ ARG Ed par anet er s
val ues are stored | n Hemory. Re-Sedrth ¢onti nues "unt est "paraneters are
found anehvehB6:€thot@9dr.a preferred OB 7Y th&abgenjte Chluy 6r §quacd dfake diffetdniceli Ng a
measure of degradation |s re-calculated and used in a search al gorithm

(66), subpwesh ghesaalentpaediinteaprd St apliage amid|a spesifipg fangrt iemal bpisTy wiltagay
el aborati o : | 511 ] q e
xpect od 15 Wi g ArREEs i A EREL AL bE Reltio HICRERAE BRI oy
t he begi nompgcaimiemthativavicdmiques, médet ek gerdinsathargge: @yl san biseitdgr prel d

Data for | nproyin del s and rgi Met hods 0088], Referring now
to Fig. 9?“%%@' i 9910&%?165@?& Qi el E%ﬁ%ﬁé? ﬁanw%a 185?41;}1 Pwﬂ%

pr ocess ol 9dni lPhoftddeidccd Bl RMALI on. Charging systems 92 are often used
where either network connections to the internet or to a |ocal network 93

are avai |l abl e[0073] &t ewothncewith chrtanodbderenss affthe ngegioss e ntaximwe tirart, by
providin racessor 91 with enqugh nenory tq.store da measur ed during
Chat ge. aniaSeinppe Bgiie RorEne ng R RhGhRbEed oh o iibatied
measur ed :baftapiy data that has been stored by the processor is transferred

to one or nore other Erocessors 94 on the network, or to a remote server 95
on the interné@076NOntthe baumel 4 solutiontsoyidet by grcogtrolgthgarithis, theghwrgingdat a on

the batt gry, JRACK aafRiBkcl Bde) BAD) PohaRRIAT TR dEn AN A Nl Y driRm

device and vector model parameters p and limits b as well, are then recalculated, and if the

charge is completed (59) the process ends (500), otherwise, the process is iterated.

[0077] Referring now to Fig. 5B, charger 90 for fast charging typically employs a
processor 91 for implementation of the fast charging. In accordance with embodiments of the
present invention, processor 91 may store current and historical model data and values of
internal battery states in memory 98.

[0078] Typically a computer controlled power supply 38 (shown in Fig. 3) is used,
with a processor 39 setting parameters, such as the output voltage and maximum current, at a
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[ 0089] Measurenent procedures and processes for cal cul ation of optinal
charging reginens are preferably those described herein with respect to the
fast charwyOrgi2afs4s84si ngl e cel |, and include, in parti culpamr/usasy/051338 he

previ ously described techni ques including nonlinear systemidentification.
[0090] In alternative enbodi nents of the present invention, charging system
92 include a sensor 96 enabling processor 91 to obtain battery codes such
as batter abricatien date act o

oy e- det elRoL sty CLARF et PhiPaMeru o dl-P8) il RS sF 3N ing ¢ B

coupl ed fi@ncHAsHt it YUSIreBhDdve tbh &aﬁanenb@c G Bmedly UsEINGIng, foakxa0se on the
battery, read by sensor 76, such as line CCD array. Database 97, or any

ot her WafCPRRST&HISs PhoRa dpte offanadram gheshagisny, é‘fdlt%é’aﬁt?fé@ﬂ?ﬂ haFF\heﬁfttP 8h,

i ncl udes r r

ot herw fé?o%ht\{&l %ﬂl? Sgg%]smlg?ﬂw rg%lre pé{filbgﬁﬁg‘{es&upté%%ﬂ%rgg %Borgclryt hm as a
conseq ue mfelumhoﬁl ah aopr efcthi: baetr{ volmaget &ter, apwolt es fomsa &yﬂnmumca:trqnomat a4 Aggeroal so,
all data Lt coIIect the attery nodel nd characteris icg, when t he
data is CRRAR3Hikee %n@e gt TgBhatging cy¢ Fmgfz whrﬁ%ﬁtsev 5% hi um i on
bat t eri egy3Lgeranuf actur ed with a tight manufacturing toler ance, such that
variations ' fromdevice to device are relatively small. However snmall they
are, however, [Q0V8] dpveassdr 3(9haat§gatlsrgg<preucmerasuthlcghﬂrqlleséﬁs%thuethbecaqzerotfai n
deviceprarrete The vast anpunt of data with respect {0 | ass

Cognat o B ErRLaveone ot arh ol ol Buth e oraaied S P BRbsdi rrent s
of the pgeBeRt cltRASMHIR The RINCARLFAC AL O SkdrBNSo kHBYoNER BiPly, @hd iRARIwerand
nmore accurate estinmation of nodel paranmeters. In particular, paraneter

adj ust mespMBEed begonfigmed such thatonly tha Msairewm outruk perrest (o biddlyaraddy the t he
batterie vant bI ed al Optimzation [ 0093]

Fi ndi ng p |mau$ yneegggt%o ﬁ%/eeﬁ?ore Owetrgc[?Pg¥g| ng batteries requires a | arge
nunber of tri a0080] @aslhcoks, Whis eftitdinbt Rl dxyeddafiéldédse Rmite s BRldeeicy. This may
be conplicated by the FOSSIb|e varj ati gns bet ween devi ces t hensel ves

i nt r oducPAOMHGLS and lifgtimeapayoiicers bl Hirctené linyits pee eeecdsdonh byt edively
process. y f in
Phe f1r st ki fuby RhBBIcY, B R8GdinEe (o e BTl B AR A ARATRIBES, ¢ 1
r ef er enceuttrentfleng ten&)ereﬁumrmrds bach npeisined withen laph laviekalt dcowrapy, peefsmbhynkvigh a

i nvol ves very s rturbations qQn the paraneter vaI ues, and does not
very si gﬁchiséoé]rﬂ taﬁg&e;tﬁ iPREIS 19 aghIGHS ABrCEHRCARY ISR DGR dS¥isGes of

opti m zabLefn{RYe 1@t @R-HoRYf ﬁl%éﬂé?ﬂerf?'décufreﬁ% B AERtd 9 FRAIQY w0
already existing in the field. Wen connecting to servers 8 they may be
i nstructed abd81{ ez bexmpetrachirgmggemamsingra wiva-fese clange Mgomt}hniim zation

P eSS, g LB R85 i Ml D5, DS P ed I gRshveh °°

pr ot ocol snan@fibRikdt. 0BRGP ACFTRLES ﬁm@@?’ogﬁ@s’éﬁ)ﬂr&d chaob &f Yccakantd &v[tﬁs in
accordance with enbodi nents of the present invention, is depicted in Fig.

10. The msaefachingsiresoapmenyatipeg, ntsiﬁcalang thag elghnepeclsmt of thg t@taquherﬁe isptiging at
25A, andn% ?ﬂgge%g?lg(%\’\@g%gﬁl?{(st #P&Elc% c%gltda Qh 'tl{ett e{cﬂ 0? hegﬁggsee[f ached a

nom nal o' Hecoun ernal odr o present ed by
t he resi &tweneOIeleeme Bhargh@ peofilelofialrve 682 gi wglcmtglﬁgperben@ﬂteweal tlargxceed
t he recommended maxi num batter char gi ng vol tage of 3.6V. [ 0095]

The char & HESSRE seconds.far 4 §0 GE@‘BW@@H} ¢hargaHnem i on cel I's, when net hods
f th wh
of the presem{‘.’drﬂilfﬁah m?ﬁnees %@Hergﬁzgtof%%sihomve r;b% @%E@%B% 2100, where

t he esti mat ed I stance an assuned

i nt er nal peresintsgaviaeitafl cdpaoiktyd),as 1atfenc¢1harogﬁ ting, pasod @pen heaanmed nistrgditiBclafrger
200 secondﬁ m@gn t he curren% tte curv 102, decreased to 20A.

Ref erri n§Y¢oFPH¥C peij dayy A fiep 89@68 1St° RN, %Sg@r{o&%}? H acgqidaggeqwith an
oscillat 'eﬁ‘lgo@ﬁﬁlenggf Y Pre@&g ihitibA, StB@@ﬂelrgﬁF Yapla %F Sfsifed b‘l9" chf\let'lZnﬁecrm@@Vcﬁr the

oscillation in the estimted I nternal votae otted In curve 113
never exdé8¥dddisanitielwaing Thedwittcrygenerdyydc8rebsisl tv90%nm 2ey@aese21mngths ES%axi num

preset Sa{large/glsclgargnegcyc?ess 339, Oftter% y%?u% 9b1¥1ont?15 t(f'ﬁS cilgr%re/dlschargg“c/ycles) and to
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[0096] Since the internal cell voltage is estinmated on the basis of V =R x
I, both V and Rxl nust be established to within the accuracy required for
det er m niwQ 20tedsissier nal vol tage, and that is on the or@er/uskoil/ons3s Al D
(and D)A) converters typically enployed in battery chargi ng applications,
with 12-bit accuracy and voltage ranges of 5V or 10V, provide a nomnal 1
bit precision of 2.4 nV or 4.8 nV respectively, that is generally

QA L N T M R RN e R

lifetimerechhgic@lded By ife-hidufsigveERed & £d¢iredatioh edbpicadd by @lred®nttd DOYAST the
ultra-fast charge al gorithm The descri bed enmbodi ments of

h [ 0097 .
net hods fHalgbpiggiafigr i veloy apdBdretier $4@heyclesr Inamay e bidtepalifedn i es on the
basi s of mter ‘ : i .
oo oo ALATEEE ARSI 8 Lt Y OB TPLETERS S AR Rp SRR
i ncl ude dcgeddites radks.conputer instructions fixed either on a tangible

medi um such a conput er readable nmedium (e, g., a diskette, . ROM ROV
or fixed di sk)[f‘9 1tV@aﬁgWé%smafia%fy&pa%%rttwk@w%?ﬁcompassag %@gﬁh& ot her

| nt erf acgRViraR, hp1r§§éi3d?‘i_n€"ént?on‘? AIBEDIdaALd VIR oﬁ‘@'ﬁBEi%f Sé?ﬂd%ﬁ?%r&%geﬁgeptrécﬂﬂ?é, wor k

over a nmedium The nmedium may be either a tangible nmedi'u optical or
anal og continmatlc ehdrgnsydd the bittay parametkirsimaly ihp Ireasmaed witltch itoratie¢lg i real-

techni ques (e.g., mcrowave, infrared or other ansmi ssi on techni gues).
The. ser | 0o RGNS ROEh R Oy STE B RODG | IS meaicd Sentlngt cuch

functi onabiatiy¥n RA®M-QUSIIMiHEERE piRRE Rl R thaMhbibelig shBplktcHO t he system Those
skilled in the art shoul d appreciate that such conputer instructions can be

witten in a nunber of programm ng | anguages for use with many conputer

architec%xres.or ggﬁratd' ng. systens. Furthernore, such instructions may be
- Determinin er&i Onstramls . . .
stored in any ne%nry evi ce, such as sem conductor, magnetic, optical or

other nmenmory (@84¢dSpicaldyldxa@yahes toransdavidea@nstsdimng, iamtnBeTiEXirGadhi0ons

t echnol ogy, such as optical, infrared, m.crowave, or other transm ssion

t echnol ofiigignunp yalugs rot s be exrcedash whaicthargingths deeiee Hrestor Brin Fasdie trepiiiche
distribu | i i i i or ckroni c
doounent Sy & KRR £ P b e e B oy
syst em ( éhely. verpnatsyesthesn cikRpbiroents mag dnvabil skdestroetivditsdty, iahditragh pbtontialdy server or

electronic bulletin board. over et wor e.g., the Internet or Wrld Wde
WD) . SoREIURBIHERBHPESAT dRRi<t ﬁ?fgﬁtp%ﬁhﬁ%ﬁuﬁée AMBIEAURPEY as a conbi nation
of both sof t wags( %oﬂle’of%eqﬁﬁﬂéléﬁrsuﬁl&ﬂfbg;ﬁafe%é . Gk @RErsh MR ELLisRE | |

ot her enbodi ments of the invention are inp ted as entirely hardware, or
ent i r el y lisofstpraide Y@y gssfubstatinp poiets fperogvlach iptiedudngs can be obtdig@aBla The

descri bed enbodipents. of the inventign. are_intended 1o be rely. exenplary

and. nunerBELo0aF e gisd s AlRb Prieafisht Tt deReTashi BR RN S oki 11 2

in the agpghicw d vayehyt Vidrb@d nfps RNGcAREbIE torRtak @BGuiRhRntsTIneRd 8stepAbRe W t hin

the scope of the present invention as defined in the apggnded clainms. Wat
€

i s cl ai mdegradation ofhehnttaryapaitprmancectysr dicngealigshrnurabsy of chargerdpahaigaigycles.

conprising: oo ThHGWLAGE T BE. SHERLS b AbraBOURMiNGpb8edu€ 1P Bl fdahe
with one embodiment of the invention, by which charging parameters and limits may be
determined. On the basis of a battery model that is developed (60) and a set of model
parameters concordant with the battery model, an initial set of model parameters is estimated
(61). An unused battery is installed (62) and its maximum and minimum charge values
estimated (63), based on particular features (battery type, capacity, etc.) of the battery being
tested. The battery is charged (64) and discharged (65) for a specified number N of cycles.
The charging method follows the algorithm described above with reference to Fig. 5, while
the discharge follows the estimated anticipated usage of a battery. At each cycle values such
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b. circuitry for concurrently neasuring battery voltage and current; c. a
dat abase for accunul ating battery paraneter data froma plurality of

batt eri eswoantk/ose864a processor for recursively updati ngPdatts2ahasses eri zi ng
a nodel representing the battery based both on jointly nmeasured battery

vol tage and current and accunul ated paraneter data received fromthe

dat abase; and e. a current supply for supplying current for charging the

battery as,governed. by the processor. ..2..An appar at us cardi 1o, claiml,
wher o n ERECAMSUBET ey o eRae Hipatteiig 1 AN PRty AR on o

cel | dynantcksiginglthd hetebatahe ry/cddiages Pirath &dstvaluds BAY stord® ANmsmMdEE Mhe search

I dentification. 3.An apparatus according to claim1, wherein the processor
i s adapt entiwes upddcstigrandgin am bupdpredeisd469)on of cell dynanics for the

battery based 8aSipiddy Aot nanpbLi.ng V5t ' tifdcatiy 4. An
appar at us accg‘rﬁdgﬂLg t%uéccl XP%E f,lwmﬁg?%?n gtahe@%}lf'r%coﬁidt%gpﬂh%g‘}h 1%: oénguéd} gt%fil y
measur i ngndasdden y syatli algerithnd(6Birsuetnts 4 stehdadesmndomogirchdrill-ctioninggur at i on.
technique, or any claborations thereon. Since the characteristics of the battery can be
expected to have been altered by the test, a new battery must be used at the beginning of each

new series of charge-discharge cycles.

Using Field Data for Improving Models and Charging Methods

[0088] Referring now to Fig. 9, chargers 90 developed for fast charging typically
employ a processor 91 for their implementation. Charging systems 92 are often used where
either network connections to the internet or to a local network 93 are available. In
accordance with embodiments of the present invention, by providing processor 91 with
enough memory to store data measured during charge and discharge cycles, when a network
connection is detected, measured battery data that has been stored by the processor is
transferred to one or more other processors 94 on the network, or to a remote server 95 on
the internet. At the same time the processor 91 obtains updated data on the battery model,
optimal charging parameters and charging algorithm.

[0089] Measurement procedures and processes for calculation of optimal charging
regimens are preferably those described herein with respect to the fast charging of a single
cell, and include, in particular, any of the previously described techniques including
nonlinear system identification.

[0090] In alternative embodiments of the present invention, charging system 92
include a sensor 96 enabling processor 91 to obtain battery codes such as battery model,
manufacturer, batch number, fabrication date, factory pre-determined model and charging
parameters directly from a battery coupled to charging system 92. This may be achieved
using a bar code on the battery, read by sensor 76, such as line CCD array. Database 97, or
any other way to store data, is within the scope of the present invention, and includes active

RFID tags, powered by the battery under charge, or otherwise.
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5. An apparatus according to claim1l, wherein the interface for electrical
coupling to the battery is adapted for coupling to reference el ectrodes of
t he batt ewg.20®/08m86appar at us according to claim 1, wherePATiUSR01P0OT38SSOr
further conprises an input for receiving a signal froma sensor sensitive
to a characteristic of the battery. WD 2012/ 054864PCT/ US2011/ 057338 7. An
apparatus according to claiml, further conprising a terrperature controller

o cont oL M BIRECAI BT Ry S e, RERSH Bt LB S o
cel | dynavesed fidi @ﬂﬁ@r ﬁt@&és@cb’ry 94, incorporating, also, all data it collects with the battery
model and characteristics, when the data is transmitted back to server 95.

[0092] Typically, lithium ion batteries are manufactured with a tight manufacturing
tolerance, such that variations from device to device are relatively small. However small they
are, however, the optimal charging process is highly sensitive to certain device parameters.

The vast amount of data with respect to a class of cognate batteries, as collected by servers,
in accordance with embodiments of the present invention, advantageously allows
improvement of models and more accurate estimation of model parameters. In particular,
parameter adjustment based, at least in part, on batch or time of fabrication of the batteries, is

advantageously enabled.

Global Optimization

[0093] Finding optimal limits to use for fast-charging batteries requires a large
number of trials, each of which initially requires a new battery. This may be complicated by
the possible variations between devices themselves introducing “noise,” or random
perturbations, into the optimization process. It is typically possible to find adequate charging
parameters in the first initial stages of the optimization process described above with
reference to Fig. 8. From that point, the optimization process only involves very small
perturbations on the parameter values, and does not very significantly affect the lifetime of
the devices. Later stages of optimization may be obtained by farming out the process to
chargers 90 already existing in the field. When connecting to servers 95, they may be
instructed about the next charging parameters to use in the optimization process. The
microprocessors 94 then return the results to the server 95 as iterations are completed.

[0094] The sensitivity of charging protocols to both model parameters and measured
battery quantities, in accordance with embodiments of the present invention, is depicted in
Fig. 10. The model employed is that of Fig. 3. The charging current starts at 25A, and tapers
down after that the estimated internal voltage reached a nominal value of 3.55. Taking into
account the internal drop represented by the resistive element R, the external charging

voltage is allowed to exceed the recommended maximum battery charging voltage of 3.6V.

21



b. determning a charging profile for the battery based on the dynam c
representation; and capplying an optim zed charging current to the battery
based, atwbeastosiuss4part, on the charging profile and onPCraskengs13ss al
charge that has been stored in the battery. 9. A nethod according to claim
8, wherein applying the optim zed current is also subject to a set of
battery-specific constraints. 10. A nethod according to claim9, further

conpri sing deri the set of .battery-specifi.c,constraints gased on. a
roratve seqitel nie i Raricrly BhERs i HRRAR Ol BRTREIRY: B
clai m 8, twhaehhinkb@idahas gﬂnp@fyed,ei HdsepriatedebyGhiigalN@OCwhee iie @tiffatdde. 12. A
met hod according to claim@8, further conprising tracking tenperature of the
internal resistance R was 6 mQ. However, with an assumed internal résistance of 8 mQ, the
charging process became unstable after 200 seconds when the current, plotted in curve 102,
decreased to 20A. Referring to Fig. 11, at 225 seconds, the voltage (curve 111) was
oscillating by ~20 mV, and the instability increased with time. However the oscillation in the
estimated internal cell voltage, plotted in curve 113 never exceeded a few mV, reaching only

3.556 V, and exceeding the maximum preset safe charging voltage of 3.55V by on the order
of 6 mV.

[0096] Since the internal cell voltage is estimated on the basis of ¥ = ¥our — & X1 |
both V and RxI must be established to within the accuracy required for determining the
internal voltage, and that is on the order of 1 mV. A/D (and D/A) converters typically
employed in battery charging applications, with 12-bit accuracy and voltage ranges of £5V
or £10V, provide a nominal 1 bit precision of 2.4 mV or 4.8 mV respectively, that is
generally inadequate since uncertainty of the internal voltage at levels greater than ~1 mV
causes instability of the charging process and limited battery lifetime. Therefore 16-bit
devices are preferred for implementing an ultra-fast charge algorithm.

[0097] The described embodiments of methods for deriving battery parameters and
for charging batteries on the basis of the parameters thus derived, may be implemented as a
computer program product for use with a computer system. Such implementations may
include a series of computer instructions fixed either on a tangible medium, such as a
computer readable medium (e.g., a diskette, CD-ROM, ROM, or fixed disk) or transmittable
to a computer system, via a modem or other interface device, such as a communications
adapter connected to a network over a medium. The medium may be either a tangible
medium (e.g., optical or analog communications lines) or a medium implemented with
wireless techniques (e.g., microwave, infrared or other transmission techniques). The series
of computer instructions embodies all or part of the functionality previously described herein
with respect to the system. Those skilled in the art should appreciate that such computer
instructions can be written in a number of programming languages for use with many
computer architectures or operating systems. Furthermore, such instructions may be stored

in any memory device, such as semiconductor, magnetic, optical or other memory devices,
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battery, and wherein applying an optim zed charging current to the battery
is also based, at least in part, on the tracked tenperature of the battery.
13. A net wo 2006usbisng to claim 8, wherein applying the epriusc@eds=asrent is
based at least in part on tracking instantaneous state variables for the
battery. 14. A nethod according to claim@8, wherein tracking the total
charge conprises determning at |east one instantaneous internal state
variable for the battery during charging the battery. WO . .

012/ 054885 BRI B a6y on R e Rl SR8l ik et roriher o
tracki ngniibileowaod,ak otRaEERIGNIB icsRflslatL isuxpectéd thaeash a@BpuRS bAjpkaneous
internal state variable for the battery durigg di scharging the battery.

16. A nePrsycBenbafisgibuiedes airamgyabihaedivm vik agpmnsnEing @pted o eRCireHC of

cell dyn t - ' ' f ' t
dent 11 0t s lop 0%, APk kol Kbl AES oo R ¥ R B B IE,
repr esenk@it¢ro RAM of €ilxkd digkhp it dstribaked fhen hativer yr dlegloudesuligtis bardfoveind er nal
state variablef. %gij met hod ording to claim@8, the dypnam ¢

©of- CEl

r epr esend&Miosk teeghomVes! fCVéCS et Webp apmg cnbpdionangiedf the wwentym mgyke

par amet €ffylemented as a combination of both software (e.g., a computer program product) and
hardware. Still other embodiments of the invention are implemented as entirely hardware, or
entirely software (e.g., a computer program product).
[0098] The described embodiments of the invention are intended to be merely
exemplary and numerous variations and modifications will be apparent to those skilled in the
art. All such variations and modifications are intended to be within the scope of the present

invention as defined in the appended claims.
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19. A method according to claim8, wherein the dynam c representation of
cell dynamics for the battery includes non-paranetric data characterizing a
nodel , atwbeastosugs4part. 20. A nmethod according to cl aiPeTR[S2eEFBB3H t he
step of determning a charging profile for the battery based on the dynam c
representation is performed during a course of discharging the battery.

21. A method according to claim®6, wherein the step of determning a

char gi ng gtfii Iﬁifo({ithe battery based on the dynam c representation is
per f or med ur?ﬁg B°%CBurse of charging the battery. 22. A nmethod according
to claim18, wherein the set of nodel paraneters includes paraneters
derived flr om andgpabtsdor clRginga ettdrpdhaepmraingpmgisstgi m 18, the set of

nodel paraneters includes.paraneters derived.fro at abase updated during
The course of -char g ng. EhaNBAEdy Cet iy STt Bt i001 1/ 057398 24. A

met hod according t@. cl acii@ry Whedoatitrdnfl§ HdaRam CoARPF SRBE ahd S rait; cel |
dynam cs for the battery includes a set of internal state variables

specific to a partcul ag dawbiasgifauzdcumalating battery parameter data from a plurality of

batteries; and

d. a processor for recursively updating data characterizing a model
representing the battery based both on jointly measured battery voltage and
current and accumulated parameter data received from the database; and

e. a current supply for supplying current for charging the battery as

governed by the processor.

2. An apparatus according to claim 1, wherein the processor is adapted for updating a
dynamic representation of cell dynamics for the battery based at least in part upon system

identification.
3. An apparatus according to claim 1, wherein the processor is adapted for updating a
dynamic representation of cell dynamics for the battery based at least in part upon nonlinear

system identification.

4. An apparatus according to claim 1, wherein the circuitry for concurrently measuring

battery voltage and current includes a four-port configuration.

5. An apparatus according to claim 1, wherein the interface for electrical coupling to the

battery is adapted for coupling to reference electrodes of the battery.

6. An apparatus according to claim 1, wherein the processor further comprises an input

for receiving a signal from a sensor sensitive to a characteristic of the battery.
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25. A net hod according to claim@8, wherein the dynam c representation of
cell dynamcs for the battery includes a set of nodel paraneters specific
to a genwwoahizoshdes. 26. A net hod according to claim8, Partuses1166TP8i Si ng
provi ding a dynam c representation based, at least in part, on

charge/ di scharge cycles of a plurality of networked charging systens. 27.A
network for deriving enpirical battery nodel data the network conpri sing:

b oceosor anc BRRRN RS E T Jo iThe Bk SRR UB PRI er
and b. acﬁﬁfd{Bﬁgﬁﬁ&np’e%‘t@ﬂe\Uflﬂg:m& fromeach of the plurality of processors
and for returning updated data with respect to a dynam c representation of

cell dynamics for incorporation by each of the plurality of charging

systens. ¢28. A net rIJ§lgl §%rddthg%nlgﬁ?gﬁé@elr§nt %memagrcg ﬁnglggdprocessor of at

| east one of the plur ens 1I's adapt for updating a
dynani c represent atj on pfovﬁ:chhgadymﬁmc@Sprf:mntaltibﬂ oba¢lt éynantiessfedttetbattegst i n

part upon systemidentification. A net ccordl ng to claim 27,
wherein the pr ocesgor oflcigFminggsy © ﬁ%n%f’rot\?ﬁ%‘kor fhe battery basedon the dynamic

representation; and

c applying an optimized charging current to the battery based, at least in
part, on the charging profile and on tracking total charge that has been stored
in the battery.

9. A method according to claim 8, wherein applying the optimized current is also

subject to a set of battery-specific constraints.

10. A method according to claim 9, further comprising deriving the set of battery-specific

constraints based on an iterative sequence of charge/discharge cycles.

11. A method according to claim 8, wherein the charging profile is a charging current
profile.
12. A method according to claim &, further comprising tracking temperature of the

battery, and wherein applying an optimized charging current to the battery is also based, at

least in part, on the tracked temperature of the battery.

13. A method according to claim 8, wherein applying the optimized current is based at

least in part on tracking instantancous state variables for the battery.

14. A method according to claim &, wherein tracking the total charge comprises
determining at least one instantaneous internal state variable for the battery during charging
the battery.
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plurality of charging systens is adapted for updating a dynam c
representation of cell dynam cs for the battery based at |east in part upon
nonl i nearweyst2sudedent i fi cati on. PCT/US2011/057338

15. A method according to claim 8, wherein tracking the total charge comprises
determining at least one instantancous internal state variable for the battery during

discharging the battery.

16. A method according to claim 8, wherein the dynamic representation of cell dynamics

for the battery is derived by means of nonlinear system identification.

17. A method according to claim 8, wherein the dynamic representation of cell dynamics

for the battery includes a set of internal state variables.

18. A method according to claim &, the dynamic representation of cell dynamics for the

battery includes a set of model parameters.

19. A method according to claim 8, wherein the dynamic representation of cell dynamics

for the battery includes non-parametric data characterizing a model, at least in part.

20. A method according to claim 8, wherein the step of determining a charging profile for
the battery based on the dynamic representation is performed during a course of discharging

the battery.

21. A method according to claim 6, wherein the step of determining a charging profile for
the battery based on the dynamic representation is performed during a course of charging the

battery.

22. A method according to claim 18, wherein the set of model parameters includes

parameters derived from a database.

23. A method according to claim 18, the set of model parameters includes

parameters derived from a database updated during the course of charging the battery.
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24. A method according to claim 8, wherein the dynamic representation of cell
dynamics for the battery includes a set of internal state variables specific to a particular

individual cell.

25. A method according to claim 8, wherein the dynamic representation of cell

dynamics for the battery includes a set of model parameters specific to a genus of cells.

26. A method according to claim 8, further comprising providing a dynamic
representation based, at least in part, on charge/discharge cycles of a plurality of networked

charging systems.

27. A network for deriving empirical battery model data, the network comprising:
a. a plurality of charging systems, each charging system including a
processor and a power supply for supplying current to a separate battery; and
b. a server for receiving data from each of the plurality of processors and
for returning updated data with respect to a dynamic representation of cell

dynamics for incorporation by each of the plurality of charging systems.

28. A network according to claim 27, wherein the processor of at least one of the
plurality of charging systems is adapted for updating a dynamic representation of cell

dynamics for the battery based at least in part upon system identification.
29. A network according to claim 27, wherein the processor of at least one of the

plurality of charging systems is adapted for updating a dynamic representation of cell

dynamics for the battery based at least in part upon nonlinear system identification.
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