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ABSTRACT KEYWORDS
Conventionally, magnesium sea water activated batteries are employed as Battery;
main power source to torpedoes and other under water vehicles. With the Discharge;
advent of lithium-ion battery technology, efforts are being concentrated to Lithium-ion;
develop a suitable battery unit for these under water applications. In this Underwater vehicle;
regard, investigations have been carried out experimentally to study the Power source.

charge and discharge characteristics of lithiumion polymer (Li-Po) batteries.
A single cell module has been used to study the discharge voltage under
constant current mode using 1C, 2C, 3C and 4C dischargerates. Variationin
temperature of anode and cathode were also measured. The rise in
temperature of anode and cathode were correlated in terms of time and C-
rate by regression analysis. Charging characteristics of the single cell were
also investigated at 1C rate. The discharge voltage characteristics of all
individual cellsof a9-cell pack wereal so obtained at 1C rate and compared.
It was found that all the cellsin the 9-cell pack exhibited almost uniform
discharge voltage. © 2014 Trade ScienceInc. - INDIA

INTRODUCTION Lithium batteriesareavail able asprimary batteries

and secondary batteries. The secondary batteriesare

Torpedoesarethe underwater missilesthat can be
launched from shipsand submarines. A torpedo needs
extengve control and navigation sysemswithal inclu-
Sive power sources. Sofar, seawater activated batter-
iessuchasMg/AgCl and Mg/CuCl batteriesarebeing
used to meet the power requirements of these activi-
ties. Now-a-daysit isknown that Li-ion and Li-ion
polymer (Li-Po) batteries have captured much of the
market sharein many commercid applications. There-
fore, the present work has been undertakento evauate
thepossibility of using the Li-ion polymer batteriesfor
under water applications.

also availableasLi-ion batteriesand Li-ion polymer
batteries. Thelithium batteries havethe characteristic
nature of light weight, high voltage, high e ectrochemi-
cal equivaence, good conductivity and can be shaped
invariousgeometrieswith very high aspect ratios. The
advantagesinclude sealed cells, no maintenance, long
cyclelife, long shelf life, low self-dischargerate, rapid
charge capability, high rate and high power discharge
capability, high energy efficiency, high specific energy
and energy density and no memory effect. Thedisad-
vantagesinclude thermal runaway, sensitiveto over
charge and over discharge, degradation at high tem-
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perature, need for protectivecircuitry etc. Therange of
gpplicationsof these batteriesvary fromvery small but-
ton cellsused inwatchesto very largebatteriesused in
military uses. Therefore, these batteriesare employed
aspower sourcesin consumer el ectronics, cell phones,
laptop computers, persond dataassstants, military eec-
tronics, military radios, mine detectors, aircrafts, space
crafts, satellites, eectricand hybrid e ectric vehiclesd.

Severa reviewsappearedintheliteraturerelevant
to the present study. The devel opment of batteriesin
variousaspectsinthelast 50 yearshasbeen thoroughly
reviewed by Ddll'3. The advantagesand limitations of
VRLA batteriesand the recent advancestaken placein
itstechnol ogy have been presented indetail by Berndit®.
Thefactorsof concerninAsian battery market have
been enumerated by Eckfeld et al*, and the changes
likely to be expected in the coming decade were a so
focused. A detailed review on lithium batteries, their
present status, prospects and future has been covered
thoroughly by Scrosati and Garche®. Ritchie and
Howard® presented areview on recent devel opment
and thelikely advances achieved inlithium-ion batter-
ies. Theconduction phenomenain Li-ion batterieshas
been comprehensively reviewed by Park et a™. The
gatusof Lithiumion batteriesand thelithiumion poly-
mer secondary batteries has been reviewed by
Blomgren®.

Hikmet® presented anew lithium-ion polymer bat-
tery concept for increased capacity. A ppetecchi et a9
prepared anovel composite gel type polymer electro-
lyte by di spersing selected ceramic powdersinto amatrix
formed by alithium salt solution contained in apoly

acrylonitrile network that has highionic conductivity.
Leeet d™ investigated thebattery dimensional changes
occurring during charge/discharge cyclesof thinrect-
angular lithiumion and polymer cells. Croce et al*d
reported theusability of two dectrolytesto beemployed
inadvanced lithium polymer batteries. Lithiumion poly-
mer batteriesusing microporous polyvinylidenefluoride
filled by theliquid dectrolyteaspolymer eectrolytehave
beeninvestigated by Saunier et d*3. New designsfor
safelithium-ion gel polymer battery were proposed by
Sato et al™. Overcharge performance of lithium-ion
polymer batterieshave been studied by monitoring their
temperature variation and heat generated by Zeng et
a*¥, Several solutionsagainst thermal runaway have
been proposed.

Satyavani et al*¥ carried out experimentd investi-
gationto study the chargeand discharge characteristiscs
of aLi-ion Polymer battery. Three numbersof 40Ah
Li-Po cells were connected in series as a pack and
such packswere used for carrying out their investiga
tion. These packswere subjected to normal cyclingand
quick cycling and the corresponding charge—discharge
curveswereobtained. Thedischargeprofilesof sucha
pack at 0.5C, 1C, 2C, 3C, 4C and 5C rateswere aso
obtained. Thevariation of temperaturesof cathodeand
anode for these packs at C rates of 1to 5 was also
obtained. However, thereisaneed for investigating
chargeand dischargecharacteristicsof asinglecdll and
apack of more number of cells. Theliterature survey
thusrevedled that thereisaneed for identifying asuit-
ableLi-Po battery to use asthe main power sourcefor
torpedoesthat necessitated the present investigation.

TABLE 1: Specificationsof lithium-ion polymer battery (cell & single cell modul€)

S.No. Par ameter Description
1 Length of cell 220+ 2 mm
2 Waeght 840+30¢g
3 Capacity of each cell 40 AH at 1Crate
4 Open Circuit Voltage (OCV) 42V
5 Nominal Cell Voltage 3.7V
6 Discharge current 40 A
7 Discharge cutoff voltage 2.7 (At 1Crate)
8 Discharge time period Not lessthan 54 min at 40 A
9 Peak Current 120 A for one second
10 Cyclelife Not less than 200 cycles at 90% discharge on duty (DOD) at 1C rate
11 Shelf life More than 5 years at a storage temperature of 25-40°C
12  Operating temperature 15t0 65°C
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In the present experimentsdischarging and charg-
ing studies of aLiPo battery have been carried out us-
ing suitablecircuits. The Lithium lon Polymer (LiPo)
batteries chosen for the present experiment are (i) a
singlecell module, and (ii) a9-cell pack inwhich al
cdlsareconnected in series. These cellswere obtained
from trade. The specificationsof thesinglecd | module
and the 9-cell pack used in the present study arecom-
piledin TABLES 1 and 2 respectively. The ranges of
variablescovered areprovidedin TABLE 3.

EXPERIMENTAL

TABLE 2: Specificationsof lithium-ion polymer battery (9-
cell pack)

S.No. Parameter Description
1 ocv 378V
2 Normal cdl voltage 333V
3 Discharge current continuous 40 A
4 Discharge cutoff voltage 24.3V (at 1C rate, upto 90%)
5 Cell connection Series
6 Protective circuits Provided

TABLE 3 : Experimental conditions used in the present
experiment

Par ameter s studied Values/Range of parameters

Charging rate 9A/h
Discharging rate 40, 80, 120 & 160 A/h
C-rate Current Duration
1C 40 A 60 min
2C 80 A 30 min
3C 120 A 20 min
4C 160 A 15 min

Li-ion polymer (Li-Po) cdlsof 40Ah capacity were
used in the present experimentsto study the charge,
dischargeandthermd characteridticsat different Crates.
The apparatus and equi pment employed to carry out
thedischarge studiesof thesinglecell moduleand a9-
call pack inthe present study essentiadly consisted of an
electronicload bank, and thermocoupl e based tempera-
ture sensors TC303 & TC324 of Selec make, indi-
vidud cdl voltagemonitoring unit and darming unit with
individua channel darm setting, connected inacircuit
asshowninFigure 1. Theelectronicload bank isused
to choose and implement the mode of operation.

—= Full Paper

The apparatus and equi pment employed to carry
out the charge studies of the Li-Po battery unit em-
ployed inthe present study essentialy consisted of the
charging unit, an mcb switch, thecell tobecharged and
avoltmeter to measurethevoltage acrossthe battery
terminas. Theédectricd circuitisshowninFigure2.

A pouchtypesinglecdl modulefor chargeand dis-
charge studiesand a9-cell pack kept along with elec-

* | Load bank

P o Shunt

+ 9
Cell pack

]

Individual Alarming unit with
Voltage monitoring Individual channel
unit alarm settings

Temp. sensor

(Thermo couples)

Figurel: Electriccircuit for carryingout dischargestudies

A

Charger

\ MCB Switch

\"

Figure?2: Electriccircuit for chargingbattery

tronic protection circuit for discharge studiesareem-
ployed. Battery can be discharged in various modes.
One such modeisthe Constant Current (CC) mode.
Other modes are constant voltage, constant resi stance
and constant power. To perform thecapability test, the
Electronic Load Bank employs Congtant Current (CC)
mode of operation.

Thecharging isdone by connecting the battery as
per the charging circuit shownin Figure 2 and the cur-
rent is kept constant at 9 A for aperiod of approxi-
mately 270 minutes. The battery isthen disconnected
fromthecircuit, then kept for 2 to 3 hoursfor stabiliza-
tion and then again connected in the samecircuit, by
keeping the current constant at 0.5 A for aperiod of

ey CHEMICAL TECHNOLOGY
Hn Tndéan g%wumé



124

Studies on charge and discharge characteristics of lithium ion polymer batteries

CTAIJ, 9(4) 2014

Full Paper ==

gpproximately 180 minutes. Thenthebatteryisgiven5
to 6 hoursrest period for stabilization.

RESULTSAND DISCUSSION

Thediscussioninthissection hasbeen presentedin
thefollowing four subsections. Thedischarging charac-
teristicsof singlecell module, the discharging charac-
teristics of the9-cell pack have been presented in sub-
sections 3.1 and 3.2 respectively. Thetemperaturevaria-
tionsat select pointswere a so provided at appropriate
placesinthetext in these subsections. The charging
characteristicsof asinglecell module has been shown
insubsection 3.3. Thedevel opment of correlationsfor
temperaturerise of anode and cathode has been pre-
sented in subsection 3.4.

Dischargecharacteristicsof singlecell Li-Po bat-
tery

Discharge voltage characteristicshave been exam-
ined by obtaining discharge voltage dataversustime
for the constant current mode operation. Thedischarge
voltage obtained by keeping current constant at 40A
were plotted against timeand shown asplotAin Figure
3for thesingle cell module. Therequirement isthat
during missiontimeof 8 minutes, theminimumvoltage
should not belessthan 90% of specified voltageof 4.0
V. Toindicate whether the voltage obtained iswithin
therequired limit or not, alinewasdrawn, denoted as
‘aa’ (corresponding to 3.6 'V, i.e., 90%). A close in-
spection of the plot of the datareveals that upto 27
minutesof dischargetimeof thebattery at 1C rate, the
battery voltagewas above 3.6 V. Therefore, the dis-

5.0

discharge rate
—0— 1C

4.5 —&— 2C
—=— 3C

4.0 B,
2SN

ge [V]

3.5 7y

3.0 1

Discharge volta

2.5

20

0 10 20 30 40 50 60
Time [min]

Figure3: Dischargevoltagever sustimeat different C-rates
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charge voltage requirementsduring themissiontime
would befulfilledif thedischargeismaintained at 1C
rate. An attempt is a so made to study the discharge
voltage characteristicsof thesinglemoduleLi-Po bat-
tery under constant current modeat 2C rate, i.e., at a
rateof 80A. Thedischargevoltageplotted against time
has been shown asplot B in Figure 3. It isobserved
that the battery voltage was above 3.6 V for adis-
chargeduration of 12 minutes. Even a 2Cratethedis-
charge voltage was meeting the specifications by con-
sidering themissiontimeof 8 minutes. Inorder tofind
out the suitability of the Li-Po battery for the defence
applications, itisstudied to know itsability to meet the
specified requirementsat 3C ratea so. Thedischarge
voltage dataobtained were shown asplot C. The cur-
rent waskept constant at therateof 120A. Anaysisof
thegraph reved ed that the dischargevoltagewasabove
3.6V for aduration of 7.5min. Rather, itisamost near
3.6V or abovethisvaluefor theanticipated mission
timeof 8 minutesspecified by theclient. The suitability
of theLi-Po battery at adischargerate of 4Cwasalso
examined. Thismeansthe current waskept at 160 A
under constant current mode of operation. In order to
ensure safety of the personnel and equipment, the bat-
tery was covered with grillsand sand bagsin open area
with amesh around. The discharge voltage curveis
shown asplot D. Upto aduration of 5.5 minutes, the
voltagewasabove 3.6V, and upto aduration of 8 min,
thevoltagewasabove 3.5V, asobserved from Figure
3. Therefore, within tolerance, for themissionduration
of 8 minutesthe specified voltage could be maintained.
Itisnow understood that during themissiontime of 8
minutes, even with 4C rate i.e. at arate 160 A, the
discharge voltage was meeting the specified va ue.
Therefore, if other requirementsarefulfilled, theLi-
Po battery at ahigh dischargerate of even 4C can be
used for under water applications. Thetemperature of
the battery should be aways between -20°C and 65°C
for optimum operation. If thetemperature wereless
than -20°C, the discharge rate may not be sufficient
because of theslow mobility of theionsat lower tem-
peratures. If the temperature is more than 65°C, the
battery may get damaged |eading to thermal runaway
and causing destruction of the cell and other equipment.
Therefore, thetemperaturemeasurement isessentia in
studying thesuitability of these batteriesfor respective
applications. Inthisregard, thetemperaturerisewas
measured at anode and cathode terminalsduring dis-
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chargeat different C-rates. The dataon temperature
risethus obtained at anodetermina were plotted and
shown in Figure 4. Since the room temperature was
30°C, an examination of theplotsof thefigurereveas
that thetemperaturewaswel | bel ow the specified vaue
of 65°C during theentire discharge duration consid-
ered under the present experiment for al C-rates. Two
cross-plotswere drawn to elucidate the temperature
risewith C-rateat two different timeva ues. Figure4a
corresponds to t = 5 minutes, and Figure 4b corre-
spondstot =15 minutes. It can be observed fromthe
plots of these two insets that the temperatureriseis
strongly influenced by the C-rate of discharge.
Similarly, thevariaionintemperaturerisemeasured
at the cathodeterminds, when thebattery isdischarged
at different C-rateshasa so been plotted and shownin
Figure 5. In this case al s, it can be found from the
plotsof thefigurethat thetemperature of the cathode
remained | essthan the specified maximum|imit of 65°C.

a— discharge rate

—0— 1C
—A— 2C
—8— 3t
—#— 4C

0
L
215
S
=5 Fig.4b
[at t =15 min]
001 2 3 a4 s

T T T
30 40 50 60

[l

Rise in anode temperture

Time [min]

Figure4: Variation of risein anodetemper aturever sustime
at different C-rates

30

discharge rate
—0— 1C

25 4 —&— 2C

—&— 3C

CJ

Rise in cathode temperture [*

Time [min]

Figure5: Variation of risein cathode temper ature ver sus
time at different C-rates
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Inset graphs were drawn for this case also and are
shown asFigures.5aand 5b corresponding to timeval -
uesof 5minand 15 min respectively. It isobserved that
thetemperatureriseof cathodewasalso srongly influ-
enced by the C-rate.

Discharge characteristics of a 9-cell pack of Li-
Po battery

Thedischargevoltage datawere d so obtained for
each cell inthe 9-cell pack in constant current mode at
1C rate by keeping current at 40A. These datawere
plotted in Figure 6. A look at the plots of the figure
reveded that all thedischarge voltageplotsareclus-
tered together, i ndi cating that the discharge voltagewas
amost samefor dl the9 cellsemployed inthe pack.

Temperature hasa so been measured at two select
pointsby keeping temperature sensors. Thesetwo points
were chosen in such away that thetemperatureinthe
interior portionsof the battery would be known. One
sensor was placed in between third and fourth cellsand
another sensor was placed between sixth and seventh
cells. Thetemperaturethus measured hasbeen plotted

5.0

4.5

40 ]

3.5 4 Legend Cell No

—— 1

—a— 2

discharge voltage [V]

3.0 ——3
—— 4
—— 5
—v— 6
—+—7
—+— 8
—e— 9

254

20

0 1‘0 2‘0 3ID 4I0 5‘0 60
Time [min]

Figure6: Dischar gevoltageof all ninecellsin a9-cell pack

at 1ICrate

and showninFigure7. Itisto be understood that the
riseintemperatureisinsignificant, whenthebattery was
discharged at 1Crate.

Chargecharacteristicsof asinglecell pack Li-Po
battery

Itisa soimportant to know the charge characteris-
ticsof aLi-Po battery. In the present experiment charg-
ing wasdone at aconstant rate of 9A. To chargethe
battery fully, about 44 hours were required. Then the
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Figure7: Variation of temperature of 9-cell pack at select
pointsversustimewhen discharging at 1C rate

battery wasdi sconnected from the charging circuit, kept
inrest for 2 hoursfor stabilization and again charged at
aconstant rate of 0.5A for aperiod of 3 hours. After 6
hours of stabilization, the battery can be subjected to
discharge. Thevariation of voltageduringchargeaganst
timewas plotted and shown in Figure 8 for thesingle
cell module. During charging at 9A, asobserved from
the plot of Figure 8, thevoltageincreased from 3.5V
to4.2V during atimeperiod of 270 minutes. For three
consecutive charging operations, thevoltage datawere
obtained and shown plotted in Figure 9. An examina-
tion of theplotsof thisgraph revea ed that the voltage
remained sameduring al consecutivechargecycleswith
respect totime.

Development of correlations

Oneof theessentid parametersthat playsvita role
inregardto the Li-Po batteriesdischarge characteris-

5.0

4.5+

20 P

,O_@——O*—Q—Q'_—OV
35 MO_

o0

300

Battery voltage during charging [V]

25 4

20

0 5‘0 ltl][) 150 2[I]O 21%0 300
Time [min]

Figure8: Battery voltageduring char ging ver sustimewhen

chrged at arateof 9A

ticsisthetemperaturerise of € ectrodeswhich canlead
to thermal runaway of the battery system resultingin
structural damageto the battery and sometimesan ex-
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4.5

4.0

3.5 &~

3.0 4 —O— cycle-1
—A— cycle-2
—&— cycle-3

Battery voltage during charging [V]

2.5
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T T T T T
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Figure 9 : Comparison of charging voltage during three
different cyclesall at asamerateof 9A

plosion. Therefore, an effort ismadeto correlatethe
data obtained on temperaturerise of anode and cath-
odewithitspertinent variablessuch asC-rate of dis-
chargeandtime.

Thefollowing corrdationwasobtained for tempera:
tureriseof anode by regressionanayss.

TRa — 0861t 0.418C 1311 (1)
Average deviation = 4.39%; Standard deviation =
5.77%

The corrdation plot thusobtained based onegn.(1)
isshowninFigure10. T.,C %" wastakenon Y-axis
and timewastaken on X-axis.

Similarly theriseintemperature of the cathodewas
aso corrdated and thefollowing equati on was obta ned.
Ty = 2.377t%%°C**® @
Average deviation = 8.03%; Standard deviation =
9.26%

The corrdation plot thusobtai ned based onegn.(2)

isshowninFigure11. T, C*** wastakenonY-axis
and timewastaken on X-axis.

CONCLUSIONS

The present investigation was carried out to study
thedischarge characteristics of alithium polymer bat-
tery single cell module and a 9-pack unit. Tempera-
turesof anodeand cathode during charging of thesingle
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Figure10: Correlation plot for anodetemperatureriseac-
cordingtoegn.l.
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Figurell: Corréation plot for anodetemperatureriseac-
cordingtoegn.2.

module havea so been measured. Based ontheanay-

ssof thesedata, thefoll owing conclus onsweredrawn:

1 Upto4Crateof discharge, thedischargevoltage
remai ned abovethespecified minimum valuewhen
the current ismaintained constant duringthe mis-
gontime. Thisisthemgjor requirement for thetor-
pedoesto belaunched from underwater stations.

2 Thetemperaturerise of anode and cathodewere
also measured and found that upto 4C rate of dis-
charge, thetemperature of the battery islessthan
65°C, alimit essentially to bemaintained to avoid
any therma damage, runaway and explosion.

3 Theriseintemperature of thesingle cell module
electrodes have been well correlated in terms of
C-rate of discharge and time using least-squares
regressonandyss.

4 The discharge study taken up for a 9-cell pack,
obtained at 1Craterevededthat al individua cdls

—= Full Paper

exhibited dmost samevoltageduring thedischarge
period under constant current mode.

5 Temperaturesmeasured a two pointswithinthe 9-

cell pack werefound that they are much lessthan
the prescribed limit when the discharge was car-
ried out at 1C rate.

6 Chargingof asnglecel modulehasaso beendone

a 1Crate. Thevoltage of the battery during charg-
ing exhibited alinear increasewithtime.
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