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Abstract - A unique method has been developed for internally
heating hybrid electric vehicle batteries at cold temperatures
using high frequency alternating currents (AC). The poor
performance of these batteries in cold climates is of major
concern because they suffer a huge loss in capacity. Another
symptom of this low performance is a dramatic increase in the
series resistance of the battery, Rg, as the temperature drops. A
high frequency inverter was designed to test the feasibility of AC
heating. The inverter was designed for a maximum pack voltage
of 200V and minimum operating frequency of 6.67 kHz while
operating in the continuous conduction mode. It uses a pair of
insulated gate bipolar transistors connected in a half bridge
configuration. Tests were conducted on a pack of sixteen series
connected nickel metal hydride batteries. Experimental results
have shown that at both -20 and -30°C, 10-20 kHz AC currents
at amplitudes of 60-80 Agrys Warmed the pack to about 25°C
within a few minutes, and thereby improved the pack discharge

capability.

Index Terms - Hybrid electric vehicle, Alternating current,
Nickel metal hydride, High frequency inverter.
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Battery capacity (Q) 3/ i dt (1)

Therefore, battery capacity indicates the amounthafrge
it is capable of storing and delivering to an eieat load.
This also depends on the rate of discharge, andigier the
rate of discharge, the lower the usable battenacap The
actual capacity is sometimes referred to, on aqutage
basis, as the state of charge (SOC). It is reptedexs,
SOC = (Actual Q / Rated Q) x 100 %. (2)

It is well known that Q also decreases with a deseein
ambient temperature. The degree of the ambientashpe
effect on the capacity depends upon the type amdity)wf
the electrolyte and the SOC. This decrease intyattpacity
at low temperatures occurs because the viscosityhef
electrolyte increases, and in some cases the @lgetrcan
actually freeze. This limits the flow of currentofn one
electrode to the other, and the battery resistammeases. At
very low temperatures this effect can be dramatitj the
electrolyte needs to be warmed so that the vehidle
operate satisfactorily.

energy sources such as electrochemical second#sries,
flywheels, and ultracapacitors for propulsion. Heoemr at
present virtually all of these vehicles use largeks of
batteries connected in series. These batteriepenishable
products and deteriorate as a result of the chémiten that

charge and discharge become increasingly diffickly.1l
shows a simplified model that can be used to empthe
problem for most types of batteries. The model xt®f
three parts:

proceeds during usage and storage. The cell design, An ideal voltage source, Vthat represents the charge

temperature, and length of usage/storage are afdetors
that affect the life or charge retention of thesdtdries [1].
Some of the more popular versions used in todayEy/${
include lead acid, nickel metal hydride (NiMH), alitthium-
ion.

Every battery has a rated capacity which indicdtes
maximum charge that can be put into it. This isvin@s the
full charge capacity. The actual capacity of adrgtindicates
the actual charge it possesses. Both these cagsaditie
usually defined in ampere-hours (instead of coulgmdnd
can be calculated from the following equation:

storage mechanism.

2. A conventional coulomb resistance, Rc, that esgnts
the ohmic voltage drop.

3. An equivalent resistance, Rov, called the owgge
resistance.

Rov is not a resistance in the usual sense, batrgpanent
used to account for the extra energy that mustupeplied to
get charge into or out of M2,3]. As the battery temperature
drops, Rov increases because more energy is reqtire
either charge or discharge the battery. Rov islhigbnlinear
with respect to the SOC and the magnitude and tibreof
the current, 4. At a sufficiently low temperature and SOC,
Rov becomes so large that the battery is virtuatlysable.



Rc = Coul unb resistance

Re (T)

Rov = Overvol tage equival ent resistance
i 5 Tl T = Tenperature
SCC = State of charge
/?ROV (T, soC, ip) Vo = Equilibriumvoltage
Rs = Rc+Rov
+
- Vo (T, SOQ)

I

Fig.1. Battery model

Assuming \4 remains fairly constant, the detrimental effect Initially, 60 Hz AC heating was tested on seveead acid

of a large Rov on discharge is obvious once Rovrisetp

approach or exceed the load resistance. Also, A Rigv

seriously limits the charging ability of the bajteBecause of
the energy level required to force a higher curtbrough a
high Rov, this also creates excessive gassing. [€ads to a
loss of electrolyte, and for sealed batteries thternal

pressure can exceed the capacity of the reliefegalWhen
this happens, it is quite easy to rupture the battase.

batteries to verify the feasibility of AC heating,T].
However, battery experts have indicated that ea8® 8 10°
sec. (60 Hz) half cycle is enough time for sigmifit
ionization to occur. This indicates that 60 Hz AGuld
decrease battery lifetime. However, at frequeneiesve 5
kHz, there is no documented evidence that a haleogf no
more than 100 x I®seconds would be detrimental. A high
frequency 10-20 kHz inverter was therefore desigfed
circulating the AC currents, and tests were coretlicin a

Preliminary research has shown that external hgatii28 Ve pack comprising of sixteen series connectedp8 V

methods require a significant amount of time formiag the
batteries since the external heat energy must faethe
large mass of the pack [4,5]. Alternatively, itgessible to
internally heat cold batteries via interndRI losses by
circulating high frequency alternating currents JAC his
method has shown that it is possible to heat ceaitielies
much more rapidly as compared to external
mechanisms and has been found to be more eneigiewetf
as well [7-9].

heating

6.5 ampere hour (Ah) Panasonic NiMH batteries dtl co
temperatures. The inverter design details and éxpetal
results are presented in the next few sections.

IIl. THE 10-20 KHZ INVERTER

Fig.2 shows the 10-20 kHz inverter circuit desaditia
[10] with the pack divided into two halves whosdtages are
Vg1 and \g,. The circuit includes a pair of insulated gate
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Fig.2. Battery charger with 10-20 kHz. AC heater



bipolar transistors (IGBTs) Qand Q connected in a half  Current in the anti-parallel diode,[@ontinues to decrease
bridge configuration. Anti-parallel diodes,;Dand B are until it reaches zero, at which timg:ibegins to flow into the
connected in parallel with {and Q respectively. The circuit collector of Q and up through the lower half of the battery
uses the variable frequency modulation techniquer av pack. As current flows throughyLenergy is transferred from
frequency range that minimizes the inductor weighd size the lower half of the pack into;luntil @, turns OFF. At time
without creating excessive losses in the inductwe ccoil, or t;, DR, drives g low to turn Q OFF. As Q turns OFF, the
the power semiconductor switches. The purpose & thcurrent flowing through the inductor begins to flowp
circuit is to circulate an AC current between thve halves of through the anti-parallel diode;&nd down through the top
the pack. Therefore, each half is alternately ofrgnd half of the pack, i.e., the DVg;, L; loop. The voltage from
discharged, and thus heated by interffR/2 losses. the batteries is impressed acrossdausing currentag to
decrease linearly. During this period energy isdfarred
In Fig.2, a third connection is made to the cemtethe from L, into the top half of the pack. At some time prior
battery pack. Referring to thgciwaveform in Fig.3, the , iac reaching zero, Qis turned ON, thereby attaining virtually
output from the @driver card (DR) turns transistor QON lossless turn-on in a manner similar ta @hen jc becomes
at . Since the voltage drops acrosg/Rand Q are very zero, diode [ becomes back-biased and once again flows
small, the voltage from the top half of the packs;,Vis through the @ Lj, Vi, loop.
impressed across inductog. LTherefore ic starts increasing
linearly with time, storing energy within inductdn. At t, Therefore, energy is cycled between the two habfabe
DR; drives \5; signal to the low state. Transistor @hen pack. L is chosen so that X>> X_;. This insures thatk
begins to turn OFF at &and jc starts commutating through remains essentially constant, and virtually no 00KHz
diode D. ixc then flows in the B L;, Vg, loop until it current flows through the charger, @ used in Fig.2 to
reaches zero ab.tln other words, the current which flowsprevent excessive voltage transients acrosar@ Q when
through inductor k. begins to conduct through the lower halfthey turn OFF. While Cmust be large enough to provide
of the battery pack. Thus for 9t < t1, energy is removed protection, it also should be as small as possibiminimize
from Vg, and stored in L For § < t < t2, the energy in Lis |1 This is becausg Fepresents current that is siphoned away
transferred to Y. from Ig; and k. To avoid overheating, a polypropolene
capacitor was used for,CC, = 20 uF was found to provide
At a time slightly before,t the Q driver card (DR) drives adequate switch protection during turn OFF. Thesgme G
Vg, high, turning transistor {ON. It can be observed that Q value resulted ingh = Iz 0 0.5 l,c. Therefore, the AC
turns ON while current flows through the anti-plalatliode conduction losses in the pack are
D, resulting in virtually zero turn-on losses in. @he turn-on
losses for an IGBT are directly proportional to gtpiare of | AC 2 R 'ACZRB
the voltage from the collector to emitter. For a81¥pc (TJ D7=T
battery pack, the voltage from collector to emitteuld be
approximately 64 ¥c for this circuit. However, by turning
the IGBT ON while current is flowing through the tian
parallel diode, the collector to emitter voltagetat-on is
approximately one diode drop. The diode drop for i®
approximately 1 ¥c. Therefore, in this case the turn-on
losses of Qare decreased by a factor of more than 4000.

®3)

Therefore, in order to achieve an effective 10Qu&A
heating current,,t 0200 Arys. The inverter design was first
simulated using OrCAD PSpice. During the simulation
different inductance values for,Lwere used to obtain
adequategh and k; values for pack heating [11].

_ Il. ESTABLISHING 10-20 kHz AC HEATING PARAMETERS
lac

Preliminary 60 Hz AC heating experiments indicatbat
. an amplitude of about 60 rfys was sufficient to revive
; defunct lead acid batteries at cold temperaturegd].[6
: Therefore, all of the initial 10-20 kHz tests wemnducted at
|
|
!

Q D, t ts ta Ig1 = g2 = 60 Arus:
T
to ty
Q i B Before starting the 10-20 kHz testing on the sixtee
t —» i module NiMH pack, it was necessary to determine the
|

appropriate AC current amplitude and time duration a
certain ambient temperature and SOC, and the power
dissipated by the battery during AC heating. Thinecessary

for determining the proper value gfclin Fig.2, which must
Fig.3. lxc waveform for the circuit in Fig.2 replace the energy used to operate the heatingitcirc




Without Ipc, the battery will experience significant discharge  Table 2. bc test result #1 at =20, SOC = 55%, gk = 2= 60 Arus
Therefore, the charger in Fig.2 must supply thedesn both

the battery (R and the AC heating circuit {R) to prevent 60 Arms Ioc Total Pack V
significant battery discharge. Since the chargeFim?2 will Pack DeltaV] R before pulse
operate in the voltage regulation modey Will remain (Voo (ohm) o) (Voo)
constant, but Jc will vary while the heater is operating.
However, hc must be limited to some upper value in order to 24.2 0.97 8 1285
protect the system. 14.7 0.59 2 1196
8.2 0.33 2 117.4
Table 1 shows R vs. time for a test conducted on a single 12.8 0.51 3 113
Panasonic NiMH battery module where 6Q4A 60 Hz AC 212 0.85 4 107.9

was applied for 6 minutes at “ZDand SOC = 100%. Tests

were conducted at —20 because discussions with EV/HEV ; :
- : ; pack resistance, diR decreased by 67 % after 6 minutes, but
0,

e?;t):rFs |nd|cq'[ted mﬁt Nt'MH battterlesAtIFnd to ldseu 90/;’ then started to increase. This occurred due tavavidue of
0 eltr Ic(:apac_lt?]/ a ¢ IS grhr)lpéera ltjtre' ¢ p?vglﬁraeslmo ements Ipc, which apparently was not adequate to compeneatihéd
\gﬁre axen :N' a true th twetl me ‘?tf atthe Ilzcsnd (J[(])sses, i.e., the pack was discharging. This is ht¥ne out

€ power loss (RJ in the test circutt was measured an y the steady decrease in the pack voltage whichlse
found to be 122.5 W. This value was subtracted fitoertotal ;

. : i shown in Table 2.

loss to obtain B for the single battery module. This value
was then multiplied by sixteen to obtaigfPfor the entire
pack. Therefore, requiregd = Pqwa / pack voltagewhere

pack voltagd1130 Vpc.

However, in spite of the evidence of discharge, Rae
values indicated very effective heating within énoies. In
an HEV, the generator currentpd) would need to be
controlled to maintain a constant battery voltagalevthe

The parameters for this test were chosen to matwsetto | .4ieris in use.

be used in the subsequent 10-20 kHz test, i.e AGR at

-20°C and SOC = 100%. These rather lenient initial Although the
conditions were chosen to verify the operationhaf 10-20
kHz heater while the battery was at 2QGsince the heater
had only been operated previously with the batedryoom | ' \aues were too low, and it is also necessary to
temperature. The strategy was to verify the fetmsnt_ic_)r this compensate for the heater circuit losses. If thisot done the
case and then proceed to more severe conditionsseThgne il begin to decrease when the high frequdrester is
results indicated af loss of 31.7 Watts (W) at ime = 0 ,qaq |n order to measure losses in the heatepatle was
which decreased to 12.4 W after 6 minutes. Thiscatds  onaced by four large electrolytic capacitors show Fig.4.
pack losses of 507.2 W and 198.1 W respectively. The capacitors were used to provide a split voltsgerce
with low losses, but the charger must provide tméire
current needed to compensate for the heating tilass. If

required value ofpd was estimated
previously, these values were only based on’Rglbsses in
the pack. It was quite evident from the above tieat these

After verifying that the heater was able to sustgin= Iz,
= 60 Agms for reasonable amount of time without agy, lit
was decided to test the battery pack with the lfighuency I'oc

heater using the calculated values fgyih Table 1. This test <— miiﬂ
was conducted at —2D (soak time > 7 hours) with a pack
SOCI[155%. Test results shown in Table 2 indicate that t ! BZT
Table 1. Ry Vs. time at 60 Avs/ 60 Hz, SOCILO0%
o L Lgme
Time Pac Pbat Ptotal Required | T . T
(min) (W) (W) (W) (Aoc) +
0 154.2 31.7 507.2 3.90 10- 20 kHz
1 146.6 24.1 385.6 2.97 Heater o CDZ craroer
2 145.0 22.5 360.0 2.77
3 137.0 14.5 232.0 1.78 soue [ ], g
4 135.9 13.4 213.9 1.65 T, T
5 135.1 12.6 202.1 1.55 2 l
6 134.9 12.4 198.1 1.52

Fig.4. Measurement of heater circuit losses



the pack was used for this test, the heating ¢itoss would
be compensated by current from the pack plus cufrem
the charger, and this would not provide the reguiralue of
Ibc.

It was found that arnpt equal to about 6.6 & was needed
to circulate §; = lgp; = 60 Agms at 10 kHz through the
capacitor bank at 130p¢.

O Total power needed from charger = 130 x 6.6 =\8568

The equivalent series resistance (ESR) of eachcitapél 20
milliohm.

O Total ESR of capacitor barik20 milliohm.
0 Possin capacitor bankl60F X 20 X 10° =72 W.
O Pheater 1858 — 72 = 786 W.

O Perarcer U Potal + Pheater
O Required bec = PCHARGER/ 130.

Pya: Was calculated at a SAC55% in a similar manner to
the method used previously, and the new valuegqdired
Ipc are shown in Table 3. Table 3 indicates that al tof at

least 10-11 Ac is required for ¢ at the start to sustain the

pack voltage and prevent the pack from discharging.

Table 4. pc test result #2 at -2Q, SOC = 55%, gk = Ig>= 60 Arus

Time 60 Arms Ioc Total Pack V
Pack DeltaV B before pulse
(min) ) (ohm) A V)
0 27.56 1.10 11 124.68
3 12.80 0.51 10 119.28
6 7.28 0.29 10 118.24
7 6.92 0.27 10 119.08

Test results in Table 5 indicate that about 22 ¢ was
required at the start of the test and it decredsetl7 Apc
after 8 minutes which is considerably higher thde t
estimated value from previous testsg &jain decreased by
almost 73% after 6 minutes. However, this time paek
voltage remained constant at approximately 126¢ V
throughout the test. Thus, apcllimit of about 20 Ac is
required to account for the heating circuit lossed the 1Rs
losses at the start of the heating cycle.

IV. ESTIMATING INTERNAL BATTERY TEMPERATURE BY
MEASURING Rs

While Ixc is applied, it is very important that the internal
temperature of the battery,,§ be known in order to prevent

With Ipc = 10-11 Ay, tests indicated in Table 4 showedoyerheating and possible damage. Although it issiptes to
that Ry decreased by almost 74% after 6 minutes angdeasure the battery case temperature using theupiesoor

appeared to have stabilized after 7 minutes. Howyete
pack voltage continued to drop from 124.6& \at O minutes
to 118.24 \4¢ at the end of 6 minutes indicating that vas
still inadequate.

In order to counter the pack discharge problenndut0-
20 kHz heating, the charger in Fig.2 was operatedhée
voltage regulation mode with the voltage set toragpipnately
126 Vpc. This voltage corresponds to the open circuitagst

thermistors, this does not provide a method toiotstaorrect
estimation of T, However, T, can be estimated by
measuring the battery series resistancg, Fherefore, the
figure of merit used for the 10-20 kHz tests was fgack
series resistance, gR Rg was measured using an
AeroVironment ABC150 power processing system [12].

Measurements were made with the aid of its remote
operating software (ROS) [13] using a personal ademp

of the pack at an SOQ 55%. This voltage was then The data acquisiton was carried out using a Nation
decreased very slightly so thajcI= 0 while the heater was Instruments PCI-6024E NI-DAQ card [14] that intedd

off. Therefore when the heater is on, nonegfis used for
increasing the SOC, but the system will draw jusiugh pc
to compensate for the heating circuit loss and4Rg loss.

Table 3. By Vs. time at 60 Ays / 60 Hz, SOCBE5%

with a sixteen channel Analog Devices 5B Serienaig
conditioning module [15]. Eight channels were uded
measuring eight pairs of battery voltages and #maining
eight were used to sense the module temperatures as
described in [11].

Time Pac Pbat Ptotal chareer | Required de Table 5. §c test result #3 at -2Q, SOC = 55%, gl = Iz, = 60 Arvs
(min) W) W) W) (W) (A
0 160.6 38.1 609.6 1395.6 10.73 Time 60 Arms Ioc Total Pack V
1 150.5 28.0 448.5 1234.5 9.49 Pack DeltaV B before pulse
2 148.2 25.7 411.8 1197.8 9.21 (min) () (ohm) (A) V)
3 142.1 19.6 313.0 1099.0 8.45 0 24.32 0.97 20 125.64
4 143.3 20.8 332.8 1118.8 8.61 3 10.92 0.44 18 125.72
5 143.7 21.2 339.2 1125.2 8.66 6 6.64 0.26 18 125.88
6 144.3 21.8 348.3 1134.3 8.72 8 5.44 0.22 17 125.56




A pulse current profile (PCP) pulse waveforg, Having were used in the pack, the values qof iR Table 6 were
amplitudes of 25 Ac / 2 seconds on both the discharge antdhultiplied by sixteen and the resulting Ras plotted vs. &
charge cycles was applied as shown in Fig.5. Fbgdws the in Fig.7. This plot was then used to predigh, from Rs
pulse test set-up. KV, = the 4 voltage drop (during the measurements in subsequent tests.
discharge cycle) when the (f)pulse is applied,

Rg = AVy/ Iy (4) V. 10-20 kHz AC HEATING TEST RESULTS

Tests at —AC and SOC = 55% showed that it is possible

(+) pulse. B was measured after the batteries were soaked!fy heat the pack to room temperature within abod 6
a temperature chamber for several hours at variofinutes by circulating a 10-20 kHz 60rfs AC current
temperatures from 26 to —30C. After a sufficiently long [/-9]- However, a time lag of even 6 minutes may be
soak, T can be assumed to be equal to its external ambiétftacceptable for HEV applications. Therefore tHeces of
temperature, and therefore can be plotted ws.TRese tests Nigher AC amplitudes were studied. Tests at differeold
were repeated at various SOC values. With this, d@an t€mperatures and SOCs also were conducted to deéethe

be used to determine the internal temperature guire ©ffect of both of these variables.

subsequent AC heating tests

The (-) pulse was used to replace the charge thiahe

To speed up the heating process, AC at amplitudesea
i . . . 60 Agrus were circulated through the pack. Fig.8 shows the
Tests were first carried out on a single 6.5 Ahdsanic results obtained after soaking the battery packsfoours at

NiMH battery in order to see the effects of SOC apg on X 0 :
Rs. Rs was calculated using equation 4 at variouézooc with an SOCU 55%. Before applying the AC,pd O

-20°C. T, then increased to about®®Dafter 6 minutes of 60
temperatures and SOCs, and the results are sholabie 6. Arus AC circulation. As expected, when the amplitude\Gr

was increased the heating process sped up. Wikgy9AC
Circulation, about 4 minutes were needed to heaip#rck to
20°C, and with 80 Ays, only about 3 minutes were needed.

As expected, Rincreased with a decrease of temperatur
However, it is almost constant for temperature2® and
above and thereforegRcannot be used to identify battery
temperatures above %5 Also, this test revealed thag s

. . . . Table 6. R vs. Toa at different SOCs
very insensitive to the SOC. Since sixteen batteoglules

25 A Toat Rs (milliohm)
2sec (deg C.)| SOC=259 SOC=55% SOC=75% SOC=100%
Di schar ge — K= 45 11.2 11.2 11.2 9.6
35 11.2 11.2 11.2 11.2
25 14.4 12.8 14.4 11.2
> K
2sec 18sec Char ge 10 22.4 20.8 22.4 20.8
0 27.2 25.6 27.2 28.8
Fig.5. b characterization profile 10 41.6 38.4 432 432
-20 65.6 64.0 70.4 64.0
Lo I
O <
1 o2 1.4
s1 — 13
lo 12 ]
+ 11
2 17
R 0.9 —&—50C 55%

—A—SOC 25%
—»—S0C 75%

| B:LT — i
10-20 kHz T 1
Heat er @ABC 150 @ Char ger gg

Re/ 2 Vo 0.4

'le/; o1 ; ; ; ‘ ‘ ‘ ‘ ‘
I _

Rg (ohms)
o
[o:]

-30 -20 -10 0 10 20 30 40 50
That (deg.C)

Fig.6. b pulse test circuit with 10-20 kHz heating Fig.7. Ry vs. Toxr at different SOCs



70 Aqus

Ampere Hours (Ah)

Toa (deg.C)

RT NoAC w/AC RT NoAC w/AC RT NoAC w/AC

SOC=25% SOC=55% SOC=75%

Fig.10. Discharge tests at <20
time (minutes)

Fig.8. TV time @ -26C, SOCL 55% i

RT=25°C 3.28
In order to observe the effects of AC heating ifeient
SOCs, tests were conducted at SOCs of 25%, 55%y a¥id
using AC at an amplitude of 60:fs. Fig.9 shows the results

obtained after soaking the pack for 5 hours atG3and
circulating 60 Aws with SOCs of 25%, 55%, and 75%. In
this case, about 6 minutes were needed to hegpable to " RT NoAC wAC RT NoAC wAC RT NoAC WAC
15°C when the pack SOC was 75%, and more time wa
needed when the SOC was lower. As shown by the [idot
SOC = 55%, J.was still less than £& after 7 minutes, and Fig.11. Discharge tests at 8D

for SOC = 25% Y, was just above £Q after 8 minutes. This

indicates that for colder temperatures the SOC dwee SOC = 75%, the discharge Ah without AC equaled (AR5
some effect on the heating time. and it increased to 3.58 Ah after 6 minutes of ACutation.

Ampere Hours (Ah)

0.75

SOC=25% SOC=55% SOC=75%

In order to verify whether 10-20 kHz heating impedwthe

discharge capability of the NiMH pack at cold tengperes, V1. CONCLUSIONS
discharge tests were conducted using the testpsit-Hig.6.
The results obtained at -ZD are shown in Fig.10. Tests were
ggg/odutck::d diztctigreeeSA%C;o\Glél.e?jS;)?c;n?500/2561,231 '[705(()/)?9%2& battery performance. Tests were conducted on a péck
6 miﬁutes of 60 gM heating. At SOC _ 55% the dischargeSiXteen series conn(_acted Pan_asonic NiMH batteries. t@st
Ah improved from igg Ah fo 584 AR an in’crease46% conditions were designed to simulate those on av HEe_re
Similarly, there was én improverﬁent o;‘ about 1795@C - @ generator would be available to repla_ce the gnieg in
7506 Tﬁe results were more prominent at°c30(refer the heating process. Present practice in many HEV

’ Capplications is to provide a small lead acid bgtterstart the

Fig.lll)(.j g‘t3 SA(r?C ; .25%’ tzet dios%réa'rgﬁ '?t‘h \gitmlput fA internal combustion engine (ICE) and thus the gaoer This
equaied ©. and 1mproved 1o ©. arer Bt especially important for very low temperature

60 Arus heating. At SOC = 55%, the discharge Ah improve nvir ; ;
; . onments where the nickel metal hydride batteould
from 0.5 Ah to 2.59 Ah, an increase of more thaines. At be unable to start the ICE.

A 10-20 kHz inverter was designed in order to obsdhe
effects of high frequency AC currents on cold terapge

20 - These tests show that at both°QGnd -36C, reasonable
values of 10-20 kHz AC current can restore thermnake
battery temperature, ,J, to a value fairly close to 26
within a few minutes. However, it is also evidehatt it is

E Z absolutely necessary to simultaneously use a D@rger
g_m, SOC25% (gharger) to (eplace the heating losses or theerlyatNi_II
-15 1 —8—S0C=55% discharge rapidly. Table 5 shows that about 19-g8 Ry is
20 1 —A—S0C=75% required to compensate for the heating circuitdesand the
25 I°’Rs losses in the pack. A technique was developed to
-30 T T T T T T T | . . .
0 1 ) 3 4 s 6 7 8 estimate the internal temperature of the battepy, @uring
fime (minutes) heating by measuring the battery series resistaRge,at

known values of . The resulting plot of Rvs. Ty, for
Fig.9. Toar v time @ -36C, 60 Aws different SOCs in Fig.7 was used to predigi;ly measuring



Rg after the AC heating had been applied. Additio6@al
Arwvs discharge tests also indicated an improvementatk p
discharge capability at cold temperatures of ag@ -36C.
Further testing might be required to obtain bettaues for
the AC amplitude and frequency for faster heating. (6]

(5]
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