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ABSTRACT

Recent studies have demonstrated that fast charging
techriques can significantly extend the efective daily
range of lead acid batiery powered EVs. Furiher, oiher
rasearch has shown that the jatal Hetime energy delivery
ol suitable WVALA batteries can be increased markedly
through pamal siale of charge cycling, A research feam
compased ol Arnizona Public Service [APS), CSIRO Divi-
sion of Minerals {CSIRO), Electric Transportation Appli-
eatons  (ETA], and Hawker Energy Products,
Incorporaled (HEPi) has been assembled to conduct a
datailed labaratory and field program 1o develop operat-
ing regines thal will improve lead acid battery perar-
mance in EV applications using fast charge and PSOC
aperatian. Research is being conducied under the cogni-
zance of the Advanced Lead Acid Batttery Consortium,
bestl in the labaralories af CSIAD and HEPE, and in {he
elecing vahicle lleg of APS and ETA,

Initial field testing af Hawhker Genesis™ 12 volt, 28 Ah
madules in a US Electricar S 10 pick up truck has pro-
wided vary encauraging resulls. The vehicle was charged
wsing a 150 kW Nasvik Minil™ Charger at a maximum cur-
ront of 165 amperes (SC at the 33 Ah Cy rate for the
Hawker Genesis™ modules). The vehicle was aperaled
throe to leur cyébas par day lrom about 20% to aboul
B0% SOC. The battery pack delivered a 1oial of 15,258
Al (462 times the 1C rale) in accumulating 16,846 miles
an thxr 510 tes1 vehicle. Initial labaratory 1esting has
locused an maximum charge rates and the temperature
aflects of hyper-charging (rates greater than 9C) lead
acid batteries. Charge rates of 29C were faund 1o fully
charge Hawker Genesis™ 12 vall, 13 Ah modules. How-
ever, the highest practical vpper charge limit was 11C, as
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temperalure effects presented an upper limit on practcal
fast charge rates. Prelimingry testing has shown the
combination of 1ast charging and parial slale of charge
operation in EV batigries o be very promising in terms of
increasing both cycle-lile and eflective vehicle range.

This paper delails the results of initial project testing and
concludes that temperature eflects present an uppear limit
on last charge rates and thal preliminary lesting indicates
very benelicial resulls are ablained by the combination of
fast chrging and partial state of charge operation in EV
baneries.

INTRODUCTION

Recent sludies have demonstrated thal fast charging
lechniques can significantly extend the effective daily
rangé of lead acid ballery powered EVs. Further, other
regearch has shown that the total litelime energy delivery
af suilable VALA balteries can be increased markedly
through partial stale of charge cycling. A research team
composed of Arizana Public Service (APS), CSIR0 Divi-
sion af Minerals (CSIRQ), Electric Transportation Apgpli-
calions  (ETA), and Hawker Energy Products,
Incarparated {HEFi} has been assembled to conduct a
detailed laboratory and lield program lo develop operal-
ing regimes {hal will improve lead acid ballery perdgr-
mance in EV applications using fast charge and PS0C
pperalion. Research is being conducted under the gogni-
zance gl the Advanced Lead Acid Battlery Consgrtium,
Bath in {he laboralaries of CSIR0 and HEP, and in the
electric vehicle fleet of APS and ETA.

Initial work by the research leam has locused on eslab-
lishing upper bounds far charge rate and equalization re-



quency using both laboratory and field testing. The
results of this initial testing are reparied horain,

BACKGROUND

Fast charging has demensirated pramiza in overcoming
the Emited range of EYs powerad by load acid battenas.
With such an approach, EVs can ba ‘refueled’ several
fimes a day. Fast charging is ideally suited 1o vehicles
that can reurn 10 a ceniral fueling painl during the day
(e.g. fleet vehlcles and buses). With central fueling, one
sophisticated fast charge station ¢an serve many vehi-
clas, This increases bolh the utilization and the load fac-
tor of the sfabon.

Initial studias invohing the fast charging of load acid bat-
teries have shown that significant range extension can be
chtained. EVs using charge rates fram 3 to 9C have
achieved ranges of over 120 miles per day [1] Conclu-
sions fram these siudies and other investigations are as
Tollows:

« Excessive equalizalion can cause accelorated grid
comosion resulling in premature failure [2]

+ Low power charging can result in undarcharging and
a subsequent reduction in VRLA battery capacity [3]

» Fast charging dees nol reduce battery e if batery
temperatura is maintained at a reasanable level: in
spme circumstances it may even exlend life [4]

» Temperaiure rize fram ohmic healing and recombina-
tipn during last charge may lmit the frequency of
charging [5]

» Charge rates in excess of 5C can ba successhully
applied to laboratory VBLA batteries [5]

Studies by CSIRO have lurther demansiraled that panial
state of charge (PSOC) oparation [7lean offer ramarkable
impravements in the perormance of VALA battaries that
are not prane ta acid stratilication. Using a PSOC charge
schedule with a gelled elecirolyle battery, anargy deliv-
ared over the baitery life (presented in Table 1) in CSIRO
lesting was fownd to be approximately three limes
greater than that obtained undaor tradiional cyeling eondi-
ans to the same deplh of discharge, PSOC duly alzo
resulted in remarkable improvements in chargo offi-
ciency.

The improvement in the fotal Efetime energy delivery
under PSOC duty is attributed mainly to the decrease in
overcharge. This reduction decreases bath the gassing
during charging and positive grid corrosion. Thus, water
losses dua to both escape fram the battery and grid car-
rasian are docreased. In addifion, as PSOC cperates the
batieries balow the gassing region, cell imbalances dua
ta differing degrees of recombination are minimized.

Wiih the benefits of both fast charging and partial slate of
charge operation demonstrated in EV batierigs, it is lagl-
cal to combing the two methodalogies and determine
whether synergisiic eHects exist in lerms of greater EV
range and longer batiery lile. This combination was

recently investigated by Cominco [B). Thay oporated an
glectric G-van under PSOC (=20 to 80% S0C) and fast
charging conditions. The resulls indicated that cycle life
can at least be maintained and that multiple charge/dis-
charge cycles par day can be performed. Although these
resulls are promising, the S0C operating window and the
number of partial cyclas between tull racharges have not
been optimized with respect 1o the charging rate. For
example, as charga rates increase, full recharges may be
required mare lrequantly given that charging eficiency
decreases wilh incroasing charge rate, Additionally, 1he
practicality of using a smaller portion of batlery capacity
(@.g. 202 SOC to B0% SOC) has not been aviauated in a
field siuation.

Table 1. Energy Delivery of Batieries Operated Under
Tradiional And PSOC Conditians

Operating | Number |Total Enargy | Multiples
gime | of Cycles (Ah) Of C, Rale*

100% S0C
1o 90%5 S0C G000 86,000 G600
100% SOC
to B0% SOC 3200 91.500 840
100% 50C
to 60% SOC 1250 71,500 500
100%: S0C
1o 40% SOC 00 77,000 540
100% SOC
1o 206 SOC 700 20,000 560
100% SOC
ta 0% SOC 500 71000 500
PSOC
40 to 70% 5300 235,950 1,650
S0C

* Batlery capacity aquals 143 Ah

It lead ackd batteries are 1o caplure a major share al the
EV battery market, the perceived range and cycle e lim-
itations associated with lead acid lechnology must ba
overcome. The combination of fast charging and PSOC
operation offars a potential solution 1o this problem. To
investigate 1his possibility, an integrated laboratory and
figld program was iniliated in conjunclion with the
Advanced Lead Acid Battery Consorium {ALABC) 1o
develop and demonsirate advanced aparating schedules
forlead acid powerad EVs,

RESULTS
FIELD DEMONSTRATION @ 5C

Wahicle configutation — An initial fiald demanstration was
eonducted using APS Vehicle #3333, a US Electricar 510
pick up truck, The traction batlery in this vehicle operales
at 312 volis. The vehicla nomally uses two sirings of 26,
twelve volt modules. For this feld demanstration it was
configured wilh a single string of 28 Hawker Genesis™ 12




wall, 38 Ah modules. This modification allowed eharga
curranl at tha 5C level 1o remain within the capability of
he vehicla wining. Air cooling was supplied to the mod-
ules by a low haad fan mounted at the top of the batery
box and space provided around the battery pack 1o allow
air circulation, Tho fan was aparated during charge and
tor approximately 30 minules aller charge.

h Igorithm = The charge algorithm for Vohiels
#3333 was chesan based on pasl experignce with {asl
charging of Hawker Ganesis™ 12 volt, 38 Ah modulos [9).
Mo laboratory cycling was conducted prior 10 the alge-
nthm selection. Tho algarithm was designed to consorva-
tively provide a full charge every threg to four PSOC
cycles and (0 egualize every twelve o filteen PSOC
cycles. Previous exparignce indicated that this frequency
would clearly be high enough 1o prevent run down of the
battery capacity and capacity devialions betwesn mod-
ules. The algorithm, tharafore, provides a consensative
Iower bound on cyclo life as less Irequent capacily recoy-
ary (full charges) and equalization should reduce gqid
corrasion and extend battary life, il t can be accom-
plished wilhout expanoncing a run down in batlery
capacity. The US Electricar 5 10 pickup is shown in Fig-
urer 1. The vehicle was placed into service in April, 1997,

Vehicle #3333 was charged using a 150 kW Nosvik
Minit™ Charger, Tha 5C charge rale was based on a 33
Ah Cy rating of tha Ganesis™ module, ar 165 amporos.
The vehicle was aperaied ihree to four cycles per day.
The first cycle of the day discharged the battery 26 Ah
{about 80% DOD). Tho batery was then charged and
discharged on a 20 Ah cycle (about 20% 10 805 DODY
tor the remaining cycles of the day. On the last charge of
the day, the chargar was allowed 1o raturn the batary (o
1005 S0OC, Every fourth day the batlery was equalizod
a1 @ constant-currant of 6 amperas (voltage hmited 1o
2.45 vaolis'cell) lor one howr, A typical daily operating
cycle is presented in Figure 2.

Figura 1, US Elacincar Vehicle #3333 - 5C Test Vehiclo

Cperaling history = Vehicle #3333 was operated in accors
dance with a wrillen procedure by a dedicated drivas, The

deiver limilod dizcharge rales 1o those the module siring
wauld normally axparience in a two string parallel opera-
fion. The driver also conducted all vehicle charging and
logging of dala to assure consistency, The vehlcle was
operated within matrapalitan Phoenix, Arizona. Baltary
lemperaiure was hmited 16 55°C, based on Hawkor focs
ommengations.

Vehicle #3333 was drivan 16,848 miles using the Hawker
Genesis™ 12V3IBARI0EP maodules. The modules
received 697 cycles a1 5C and 738 cycles in total, End af
pack lite was declared based on a loss of capacily in the
final modulas analyzed wsing the predictive technigues
developd in pravious work conducted by ETA and APS
[10] and detailed below. The vehicle range of approxi-
mately 25 miles (basod an ane rather than the normal
two strings of battorios operational) was not impacted by
loss of capacity in high cycle aumber modules, as sevoral
new modulas had beon added 1o the pack 1o roplace
those removad for predictive analysis, The greater
capacily of these module compensatad for the capacity
loss in the high cycle number modules and maintainod
1he vehicle range

f iz — The battery in Vohicle
#3333 delivared 15,238 Ah over the lile of the pack. This
is equivalent 1o 462 tmos the ona hour rate far the mod-
ule. Mo module failures were experienced over the e of
the battery pack, Dunng the pack lile 13 modules waore
removed lor internal oxamination and predictive analysis.
Modules ware selacied far analysis at approximately 100
cycle intervals,
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Figura 2. Typical Oparating Cycle - SC Tost Vehiclp
(amps vs ime)

The 5C charge cycle with PSOC oparation (2074 1o 80%)
allowad the vehicle to take an a PSOC charge in approx-
imataly 8 minules. The full charge providod at the end of
each working day required approximataly 15 minules.
Tho charge algarithm allowed multiple charge cycles Lo
b accomplished in a typical workday, oflectively extend-
ing tha vahicle range, even though the range per charge



was reduced by partial state of charge operalion. Oper-
ated in a conlinuows charge/discharge mode, the battery
pack required air cooling in the high ambient temperalure
enviranmeant of Phoeonix. Howaver, in a cold environmeant,
this heating may bo benelicial in maintaining proper bat-
lery lemperalure.

The algarithm proved 1o be effective in exlending vehicle
range, The aighl minute charge ime was acceptable, but
at the upper bound of acceptability, A six minute charge
time would be mare accepiable in operations, The over-
might requirement for a full charge was not an impeadi-
ment to vehicle aperation as it was only operated one
shift per day. In shift operations, howavear. this could be a
problem.

Predictive analysis = Seven medulas from Vehicle
#3333, at differeni mileage intervals, were returned 1o

HEPi far analysis. In total, ihirteen modules were
remaved from 1o ensure backup modules were available,
if required. for testing. Far moadules analyzod, the module
dmails and wvehicle mileage at which paint 1hay were
removed are presanted in Tabla 2.

Table 2. Module Oparating History

Table 3. Poaibive Grid Corrosion

Module Vahicle Vehicle
Balch Module Mileage
Mumber Number Al Removal
963520012 20 2217
QE3S20018 03 27
93520016 16 3883
9E3520011 09 a020
953520003 23 2004
Q63520040 1 12,129
063520033 ) 16,846

Nole: Module 963520018 was nol fully analyzed inter-
nally since it replicated module 963520012 in ferms
of vehicle mileage,

The degree of positive grid cormasion was defenmined by
removing all the active matarial from the positlive grids
and briefly cleaning them in a dilute solution of nilng acid
and hydrogen peraxide uniil no funher evicence of active
material is present. Care was taken not to dissolve the
grid during the cleaning procedure. Mext, the cleaned
grid was weighed and dimensionally measured lor thick-
ness and vertical wire widlh. Parcent cormosion was
determined by comparing these measuréments to the
staring “fresh” specifications lor as-lormad grid. The pos-
itive grid corrosion for each module is presented in Table
3 and Figure 3.

y
Ealch | Mileage Goiraslon | Garrosion
Number e | ‘Loss)

As-lormed 0 0 0

963520012 2217 8 g

963520016 3803 12 13

983520011 5929 16 16

963520003 aa0:d 26 26

963520040 12129 24 28

963520033 16846 21 d6
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Figure 3. Paosilive Grd Corrasion During Lile

It can be chserved from the above figura that there exisis
a sirong comelation between parcant positive grid cormg-
sion, as determined by waight lass, and banary kife (vehi-
cle mileage). This is in goad accord with previous wark
[11] that shows a similar corralason batwaan parcent grid
corrosion and cycle life, Furthermare, it has been demon-
strated that end of life is reached whan the positive grid
has corroded by 35-40%: of its ongmal mass.

Assuming end of lle 1o occur when tho posilive grid has
corrodad by as much as 40%: ol its orniginal mass, then by
using the Figure 3, the vehicle mileaga 1o this paint would
Lo approximately 18,000 miles. I shauld ba noted, how-
aver, that this relationship is enly rélevant 16 tho recharge
and temparature condilions expananead by the ballerigs
within this wehicle,

MAXIMUM CHARGE RATE —Wilh the abjoctive ol this
project to devolop fast charging algarithms thal can be
used in conjunciion with PSOC operatian, it is uselul 1o
determing tha maximum rate al which state ol the an
AGM baiieries can ba charged. The absolule maximum
charging rate and the maximum praclical charging rato of
Hawker Genesis™ batteries were delermined in labara-
tory 1esling.



Theo absolule maximum charge rate reprasenis the maxi-
mum current thal can be delivered to a battery without
inducing immediale tharmal runaway. It is nol, however,
considarad practical for long lerm oparation due to the
high internal temperalures generated within the battery.
The maximum praclical charging rate is considered 1o be
the fastest that a battery should ba charged without
unduly aflecting cycle e and oparational safety. This
eharging rate is considersd suitabla for shor 10 medium
torm operation and is associated with modarate 1o high
temparalura increases.

The maximum charge current that could be defivered 1o a
Hawker Genesis™ G12V13ARI0EP (13 Ah) battery was
found to be about 200 A, when charged with a resistance
froe voltage limit of 2,65 volts/cell. This cormesponds o a
¢harge rate of 29 C. At this current, a charge return of 0O
1o £0% and O to 100% was achieved in about 80 and 100
seponds, rospectively as shown in Figure 4. A charge
return of 1203 was achieved after 120 seconds. It should
be naoted that larger G12V38AR10EP (38 Ah) baneres
are used in fivld tests. The smaller capacity battery was
used in absolute maximum charge rate experimants due
la a current imitation of 400 A associaled with charging
hardwang,
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Figura 4. Charge Return and Temperatura During
Maximum Charge Rate :
Testing of Hawker Genesis™ G12VI3ARTOER

Tampaoralure was monitored internalty at both the top of
tho plate group (TOCell}, 1he busbar (BUS), and exter-
nally at the bottom of the bahiery case (BOCase). Initially,
the tompaorature was also measurad inside the battery at
the bolttom of the plate group. This temporature, how-
evar, was found to behave similarly 1o the BOCase lem-
poaralure and, as the lalter is mare convanien to
measurn, it i5 assumed that the BOCasa tamperalure is
representative of the internal températura al the batlom
af tha call group.

The BUS and the BOCase iemperalures incraasad from
abau 22°C 10 25°C and 23°C, to 417°C and 25°C, respec-
fively, (Figure 4) afier 1003 and 120% charge return. By
contrast, the rale of lemperature increase at the wp of
fhe cell (ATOCA!) was higher than that at the busbar

(RBUS) ar the bottom of the case (RBOCasa), For exam-
pla, tha TOCe! iemperature had increased from 22°C (o
abaut G0°C after 100% charge return, with a maximum of
BO°C being reached some 30 seconds aftor the comple-
tion of charging {120% charge return). Inlerastingly, the
BUS and BOCase temperaiures cantinued 1o rise after
the TOCa! had stabilized, It should be noted that all fast
charging oxparimants have bean conductod with the tem-
peralura compensation probe silwated batweon the bot-
torm of the battery and a layer of foam. It is considared
that this procedure results in temperalures that are repre-
santatva of field duty.

The charge cument delivered 1o a Hawker Genesis™
G12V13Ah10EP battery (with a resislance froe vohag
limit of 2.65 valis/cell) was increased betwean consecu-
tive cycles until the maximum temperaiura within the bat-
tary {TOColl) reached about 60°C {(Figure 2-3). This
tamperature is considered to be the maxirmum that such
a batlery should be subjected 1o during short to medium
term operation. The maximum charge current that
resultad from those experiments was 110 A (i.e., 11 C).

e
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Figure 5. Temperature and Charge Return During
Maximum Practical Fast
Charge Studies of Hawker Genasis™
G12VI3ARI0ERP

The time faken to achieve a charge retum of 0% 10 BO%S
and 0%% Lo 100% a1 11C was 2.5 and 9 minutes, raspac-
lively {see Figure 3-5), The TOCell temperatura reached
a maximum af 62°C after 5 minutes { charge raturn of
"05%), [hen remained stable for another B minules
[105% charga return) before slowly decreasing. As wilh
the absolule maximum charge rate experiments, the rale
af change in BUS and BOCase temperaiures were [owar
than in the TOCel temperature, For example, the TOCel
temperature reached a maxdmum of 62°C alter 95%
charge return, whareas the BUS and BOCase tempara-
tures were 45°C and 41°C, raspaclively, at the same
charge lavel,

In summary, the maximum charging current for tho
Hawker Genesis™ tachnalogy has been determined. At a
charge rate of 29 C, 80%%: and 100% charge refurn can be
achieved in B0 and 100 seconds, respectively. Salely
and batlery longevity, howaver, are questionable al this



charging rate. Charging at 11C is considered to be the
maximum practical rate for this technelogy for shert o
medium lerm operalion,

INVESTIGATION OF BATTERY TEMFPERATLIRE —
Ezaminaiion af termperaiure dala presenied, shows that
fast charging can induce a significant temperature differ-
ence between the 10p and botlom of cell groups. More-
aver, The exien ol the temperature differential appears o
be dependent upen the magnitude of the charge current,
Far example, after 100% charge relumn, the dilerences
between the top of cell group (TOCel) and batlom of
case (BOCase) temperatures at 11C and 23C charge
rates were aboul 15°C and 32°C, respectively.

It hias bean previously established that tha vast majarily
of heating occuring during fast charging is due o rasis-
tive efecis, i.e., IR losses [12]. Alse, preliminary mathe-
mattical medeling has demonsiraled that ihe current
density throughout battery plates during fast charging
can be considarably higher at the fop of the grids than at
the boltom [13]. Hence, given {he high currénts wsed in
the {ast charging experiments described in the prier Sec-
tion, it is nal unusual that a signilicani lemperatura gradi-
ent developed betwesn fhe TOCell and the BOCasze
lemparatures.

Initial field testing 15 planned 1o use a combination of
PSOC and 6C tast charge duty. Although this differs from
that described above (viz., 11C and 23C), it is expacied
that a signiticani jemperabura ditference will siill develop
within the baliery using the field test charging candifions.
In order 1o defermine fhe exient of the phenomenon
under PSOC/EC fast charge operation, the lollowing
expariments ware conducted,

The TOCell and BOCase lemparatures of several bafier-
ies were manitared during repetitive PSOC (20 and T0%
SOCHEC fast charging duly. A typical lemperature
response is shown in Figure 6. The TOCell and BOCase
temperatures increased slightly fram 22°C 10 23°C during
the initial discharge (100% 16 20% SOC, Regime 1]. Bath
temperatures incréased markedly during the fallowing
charging period, with the TOCell and BOCase 1empara-
tures reaching 35°C and 27°C, respectively. Inerestingly,
the TOCell temperature decreased 10 30°C during the fal-
lowing discharge, whereas the BOCase lemparatura
remained steady al 27°C.

Both battery femperatures increased during the second
charging period, with the peak TOCell and BOCase tem-
peratwres reaching 41°C and 31°C, respectively, Baliery
temperatures cantinued to increase during cycling until
after the completion of the fourth charge when the
BOCase lemperature reached 35°C at which time baliery
cycling was interrupled, Aller about 20 minuies al open
circuit, the lemperature diopped below 35°C and cycling
resumed. After the sixth dischargecharge cycle the

TOCell and BOCase temperalures reached peak values
of about 45°C and 37°C, respectively.

" 1]

Figure 6. Temperatlure Within Genesis Battery During
PSOC/AEC Fast Charge Operatian

Al this stage it is uselul 1o cansider the allect of tempera-
ture an the active material utilization (AL of lead acid
battarias. It is weall known that this paramaeater, and Lhera-
fare halteqr capacity, incréases with increasing tampara-
ture. A general rule of thumb suggests that a rise of 10°C
increases capadcity by batween 10 10 15%. Hanca, given
this relationship and 1he significant diflarence that occurs
batween the TOCell and BOCase temperatures during
PSOC Tast charge duty, it is reasonable to expect that the
hattest part af the bakery wall hiave a higher AMU than
coaler lacations during 1he lallowang descharge. Inoa field
situatian, this may mean that EV batteries will beh Jw Sy [ g] 4]
preferental discharge al the: 1op of the el grawps of veli-
cles are driven soon alter PSOCHast eharging duty. This
phenomenon i analogous 1o the preferential chargeidis:
I:h.ﬁrgE that accurs when signilican alasinalyle stranfica
tion is prasent in a cell The only diference, Rewawes, 5
that 1he larmer gocurs due 16 a temperature gradiem
ralher than & vanalon in ihe relative density af the acil.

Several sralegies can be employed to minimize (he
extent of lemperature gradiems that accur walhin batier-
ies during PSCCHast charging duly. The most abwvious
melhod is to decrease the charge rate. Howewer, (his
unfariunately reduces the benelils of PSOC/fast charge
operation. The mast efecive meathod for reducing tam.
perature gradients induced through PSOCTast charging
duly is to oplimize 1he plate design. For example, the cur-
rent density throughowt plates of an ideal ballery would
be not vary significantly during PSOG fast charge cyching.
This could be achieved with fhe follovang madiications;
(i smaller grids {height and widlhy; (i} redeced and
increased lead loading at the bottom and top of grids,
respectively; (i) curent take-off (e, tabs) ot both the
top and battam of grids,



COMNCLUSION

The perdormance of the Hawker Genesis” modules
charging at SC in field testing has been extremely
ancouraging. With 697 cycles at 5C using a 20%% 1o 80%:
S0C last charge cycla, the ALABC goal of 800 cycles
appaars to be achisvable, Optimization of the fast charge
cycle should provide further improvement of the results
that allow the ALABC goal 1o be achieved. In addition lo
good cycle life, the last charge regime has demonsirated
the ability to extand vehicle range through the use of mul-
tiple chargas in a single shift'day.

Charge timas using the SC algorithm met the ALABC
goal lor charging 1o 8% SOC (from 20% S0C) in 10
minutes and very nearly mat the ALABG goal for charg-
ing 1o 505 (from 205 SOC) in 3 minutes. The charge
time Is easily fast enough to allow recharge durnng a
short break period for the driver, allowing the batlery lo
deliver 605 of capacily per charge as many fimes during
the day as is necassary to fulfill the vehicle mission.

The maximum charging current for the Hawker Genesis™
tachnology has been delermingd. Al a charge rale of 29
Z, 80% and 100% charge retum can be achieved in 80
and 100 seconds, respactively. Safely and batiery lon-
gevity, however, arg questionable at this charge ralg,
Charging at 11C has bean demonstrated (o be the maxi-
mum practical rate for the Hawker Genesis™ for short 1o
medium term operation. The 110 rate allows charge
times {80% charge reiurn} as shor as 2.5 minutes, well
within the ALABC goal.

At high charge rates, significant temperature gradients
from top io bottom of the plates have been measured,
Thiz gradiont can effect the ubilization of aclive material
across the longth of the plate. The tempearature gradients
algo impact tompeorature compensation schemes for
chargors. As the chargas iypically measures only a single
tomparatura for the battory pack, it can at best represent
the “average™ temporature of the batiery pack, In condi-
ions where slgnilicant tomperalure gradients exist, the
hollest reglons of the battory will, thorelora, be over-
charged and the cooler regions of the battery will be
undarchanged.

ACKNOWLEDGMENTS

The authors wish to acknowledge the suppodt of Dr.
David Rand of CSIRG and Dr. Pat Moslay of the ILZRO
(international Lead Zinc Research Organization -
ALABC) for their support.

REFERENCES

10,

11.

2,

. AS Hobbs, *lnlarim Reped; Elecine Vareele Charger Tesd

Project at Arizona Public Sgrvice™, US Depormant of
Energy (Saptembor, 1995),

- ALABE Prpjeci Mo, ABAC-002, Task 4, "Final Program

Aapart; Rape Charging ol Elecirie Vehicla Boifenes®
[Cotabar 3, 1997].

. ALABC Project No. AMGC-002. Task 5, *Final Program

RAepart; Rapid Charging ol Eleciric Vielutla Biibengs”
(Cictabar 3, 159497).

 ALABC Project No, AMC-002, Task &, “Final Program

Raport; Rapd Chargng of Eleciric Vehicle Baitenss”
[Cetabar 3, 1997].

L ALABC Project Mo, AMG-002, Task 3, “Final Program

Aepaort; Rapid Charging of Eleciric VWehicle Baitenas”
[Cctobar 3, 1997).

. ALABC Project Mo, AMC-002, Task 1, “Fnal Program

Report; Rapid Ghargng of Elecine Vehicle Battenes
(Cictobar 3, 1947].

. ALH, Mawnham and W.GA. Baldsing, "Mew Cpemational

Sirategas For Gelled-Elecirolyte  Batienes™, J. Power
SouCEs, in press (1956),

. ALABC Project No. RMC- 0048, First Annual Rapart, *Evalu-

ation of Rapid-Charging of Elsciric Yehicle Battoonds
Employing a Traclion Batiery Manitoring System™ (August
21, 194a).

. A.5. Haobbs, "Finyl Roport; Elecirnc Viehicle Charger Test

Projmct at Arizona Public Sewics™, US Depanment of
Erntrgy (March 1936).

A.5, Hobbs, FA, Fleming and D.B. Kamer, “EV Batliery Lite
Extension in Field Testing®, Proceedings of the 1987 SAE
Caongress, in press {19497).

A.5. Hobbs, FA, Flaming and 0.8, Kamar, *EY Ballery Lide
Extension in Fiold Tasting”, Preceedings of the 1997 SAE
Cangress, in prass {19497].

ALABC Projeet Mo, AMC-002, Task 1, “Final Program
Ropart; Rapid Charging of Elecirie Vehicla Bnitenas®
[Cctobr 3, 1937].



