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bstract

Non-intrusive monitoring of the state-of-charge of sealed lead-acid batteries using wire-wound coils is described. Coils were attached to
he plastic case of the batteries, adjacent to the negative end plate, and excited using ac current at 10 kHz. As the batteries were cycled, the

nductance of the coils tracked the change in metallic content of the end plates. Data is presented for different discharge rates and temperatures.

variation of the technique is also described that uses less expensive equipment to measure the voltage drop across the coil, rather than
nductance.
rown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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. Introduction

The state-of-charge (SOC) of lead-acid batteries is of par-
icular interest in applications that involve deep discharging,
uch as electric vehicles, silent watch and submarine propul-
ion. Traditionally, the SOC is estimated from the discharging
oltage and current of the battery using algorithms, or from
sing sensors inside the battery. However, a reliable way of
robing the SOC external to the battery would be prefer-
ble. Several patents have been published during recent years
oncerning the use of the inductance of wire-wound coils to
onitor the state-of-charge of lead-acid batteries [1–3]. In a

revious publication [4], we presented inductance data from
ooded lead-acid batteries and showed that it also was impor-

ant to monitor the battery temperature in order to correct the
nductance data for temperature changes inside the battery. It
as found to be necessary to recalibrate the inductance profile

very 10 cycles because of drifting of the background signal

ue to changes in the electrode structure, especially during
arlier cycles. Complete details of the technique can be found
n reference [4], but the basic principles are as follows. A coil
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s firmly attached to the battery case such that its windings are
arallel to the surface of the end plate of the battery. The end
lates of a lead-acid battery are normally the negative, metal-
ic lead electrodes. When an alternating current is applied to
he coil, it generates a magnetic field that propagates along
he axis of the coil winding into the battery. This alternating
agnetic field can propagate through an insulator but will

e absorbed by a conductor, such as a metal electrode. The
nergy lost from the magnetic field of the coil to the con-
uctor, can be detected via the drop in inductance of the coil
ompared with that measured in air. The alternating magnetic
eld generates eddy currents in the conductor that mirror the
urrent flow in the coil and which set up an opposing alternat-
ng magnetic field. In this way, the intrinsic inductance of the
oil is reduced in the proximity of the metal electrode—the
oil is being used as a metal detector. This technique should be
onsidered for applications with rechargeable batteries that
ave relatively flat discharge curves and especially for sealed
r gelled-electrolyte systems.

During discharging of a lead-acid battery, the lead in the

egative electrode active material is converted to lead sul-
hate, so the total metallic content of the electrode is lowered.
he alternating magnetic field does not interact with lead sul-
hate, so the flux of eddy currents is reduced, resulting in

V. All rights reserved.
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n increase in the measured inductance of the coil. There-
ore, the coil inductance changes with the state-of-charge
SOC) of the negative electrode. The positive electrode active
aterial changes from lead dioxide to lead sulphate during

ischarging, so this electrode will not affect the coil induc-
ance during cycling. The coil needs to be as close as possible
o the electrode and only a small range of frequencies has been
ound to be useful (5–20 kHz) and we typically use 10 kHz.
bsorption of the electromagnetic field by a metal follows the

elationship δ = (πμσf)−1/2, where δ represents the depth at
hich the field is attenuated by 1/e, or 63%, and is termed the

kin depth. Here, μ is the permeability of the material (which
s equal to 4π × 107 H m−1 for non-ferromagnetic materials
uch as lead); σ is the conductivity; f is the frequency of
he oscillating field. For lead, the skin depth was calculated
o be 2.3 mm at 10 kHz, which is the same order of magni-
ude as the thickness of lead-acid battery plates. The changes
n inductance are not quantitative by themselves because the
istance between the coil and the lead electrode is not known.
ather, the battery needs to be cycled in order to generate a
alibration curve relating the inductance changes to the true
OC. Because the coil is being used to detect metal, it is
pparent that the batteries being considered here should have
on-metallic cases. This coil technique is a new application
f eddy current analysis, which is in widespread use in the
erospace industry for detecting cracks or corrosion in the
etal skin of aircraft. However, in the present application,

he coils being used have much larger diameter, in order to
ense the average composition of the electrode.

. Experimental

Two sizes of coil were used in the work reported here,
hich were 35 mm diameter and were hand wound onto
olycarbonate spools. The ferrite pot cores and polycar-
onate spools were obtained from ELNA Ferrite Labs Inc.,
oodstock, New York. The ferrite cores were made from
mixed MnZn or NiZn ferrite and had initial permeabili-

ies of 2300 ± 20%, with an optimum frequency range below
00 kHz. The coils that were wound using 34 gauge, lac-
uered, copper wire typically had an inductance of around
5 mH, which increased to 175 mH when placed inside the
ot core. The coil that was wound using 28 gauge wire had
n inductance of 0.68 mH and was used without a core.
mpedance data were acquired using a Hewlett-Packard HP
192A LF Impedance Analyser, which has an oscillator level
n the range of 5 mV to 1.1 V. Inductance (L) was measured
s [inductive reactance]/[angular frequency], or XL/ω. The
2 V lead-acid batteries used were 12FV120 Armasafe Plus,
eep cycle batteries from Hawker Ltd., Manchester, UK. The
atteries were cycled using a Digatron Electronic Universal

attery Tester (UBT1-50). Depending on the discharge rate,
easurements were taken every 2 or 5 min during battery

ycling, using a controlling programme written in Labview
.0. The external temperature of the cell that was being
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onitored by the coil was sampled using a thermocouple.
oltages and currents were measured using Fluke 8840A and
ewlett-Packard 34401 A multimeters. A Wavetek 75 A ran-
om waveform generator was used to drive the 0.684 mH
oil. A Thermotron S-8 environmental chamber was used to
quilibrate the batteries at different temperatures.

. Results and discussion

.1. Inductance behaviour during battery cycling

The valve-regulated 12FV120 Hawker Armasafe Plus bat-
ery has recently been placed into service by the Canadian
rmed Forces, replacing an earlier flooded version (6TLFP).
ecause the battery is sealed, the specific gravity of the elec-

rolyte cannot be used to estimate the SOC, which also applies
o gelled electrolyte batteries. Having already established the
easibility of the coil technique with the flooded electrolyte
ersion of the battery [4], it was logical to apply the tech-
ique to a valve-regulated lead-acid (VRLA) battery. The
2FV120 battery has a nominal capacity of 110 Ah at the C/10
ate and a recommended charging voltage of 14.25 ± 0.25 V.
ig. 1A shows the voltage and current profiles during some
arly cycles of this battery; the battery was being charged for
6 h to 14.25 V with a limiting current of 10 A. Fig. 1B shows
he corresponding changes in the inductance of the attached
oil and the temperature of the cell being sampled, mea-
ured externally by thermocouple. During discharging, the
easured inductance increases as the quantity of lead in the

egative plate decreases. With charging, the inductance falls
moothly until just before the voltage reaches the 14.25 V
imit: after this point, the temperature begins to increase at a
aster rate and a shoulder is seen in the inductance profile.

In our earlier paper [4], we showed how the inductance
ata need to be corrected for internal changes in temperature
f the battery during charging and discharging. The correction
actor of the present battery (in mH ◦C−1) was determined
y placing battery and attached coil inside an environmen-
al chamber and varying the temperatures between +20 ◦C
nd −20 ◦C, using increments of 10 ◦C. Because of the high
hermal mass of the battery and the low thermal conductivity
lastic case, it took 24 h for the signal to stabilize at each tem-
erature. A plot of inductance versus temperature was almost
inear over this range and was taken to be linear over the
–8 ◦C excursions seen during cycling. The correction fac-
or was determined to be 0.0350 mH ◦C−1. Fig. 1B compares
he experimentally recorded inductance with that corrected
or the temperature variation. It can be seen that the small
ump observed towards the end of the 10 A part of charging
as been mostly removed. The reason that the hump was not
ompletely removed is attributed to slow heat transfer through

he plastic battery case. This was not a problem in earlier work
sing vented batteries because the thermocouple was placed
nside the cell. This exothermic reaction takes place at the
urface of the active material of the negative electrode, so the
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Fig. 1. Cycling behaviour of a 12 V, Hawker Armasafe, VRLA battery. (A) Voltage and current profiles (charging was for 28 h at 10 A to 14.25 V, and
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ischarging at 10 A to 10.5 V). (B) The corresponding changes in coil in
orrection for temperature changes inside the battery. (C) The inductance da
nductance data is for 10 kHz unless stated otherwise).

nductance data will reflect the temperature of the negative
lectrode. It is useful to plot the inductance changes versus
he charge passed, as is done in Fig. 1C (integrated absolute
alue of the charge). Here, the corrected profile for charging
ooks almost linear and is not the same shape as the profile
or discharging. The discharging profile mainly differs over
he first 20% of the discharge. The smaller changes probably
eflect initial discharging being concentrated on the far side
f the end plate (remote from the coil) closer to the positive
lectrode, resulting in a weaker effect on the coil inductance.
ne factor affecting this is the slow diffusion rate of the large
SO4

− ions, which are consumed in the discharge reaction,
uch that there is likely to be a lower concentration of HSO4

−
ons towards the near side of the end plate. The more linear
hape of the charging profile also reflects the fact that the
harging process is more evenly distributed throughout the
lectrode because of the high diffusion rate of H+ ions, which
re consumed in that reaction. The charging profile can also
e corrected for the loss of charge to heat, as outlined in refer-
nce [4]. This correction only affects the profile near the end-
f-charge and does not have a significant impact on its shape.

Fig. 2A shows the inductance profiles of eight consec-

tive cycles, along with the discharge capacities. Here, the
harging time was limited to 12 h, so the battery was not
ompletely recharged. It can be seen that the inductance pro-
les are not exactly reproducible from one cycle to the next

t
v

i

e at the negative end-plate of one of the cells, plus the inductance after
ne of the cycles plotted against the absolute value of the charge passed (all

ut, nevertheless, the SOC can be estimated to within ±10%
or the steeply sloping part of the profile of any given dis-
harge, relative to the profile of the first discharge. However,
he inductance does not change much during the first 20% of
he discharge, so the errors are much higher in that region.
ig. 2B compares the inductance profiles for the first and last
ischarges shown in Fig. 2A. The curves are still generally
he same shape but they deviate at high SOC and, because
his part of the curves is relatively flat, there is a much larger
rror in estimating the SOC in this region. With all of the
ead-acid batteries that we have investigated using this induc-
ance technique there has always been a significant drift in the
ackground signal to higher inductance, particularly over the
rst 20 cycles as the electrode microstructure progressively
hanges to an equilibrium value. The negative electrode has
primary skeletal structure of lead, which serves as a cur-

ent collector and a support for the secondary structure of
nergetic material [5,6]. The active mass swells and becomes
ore porous during cycling. The lead crystals grow larger

uring these early cycles and the BET surface area falls. The
esult is a loss of contact between some branches of the skele-
on, so the resistance increases. It is this increased resistance

hat results in drifting of the inductance background to higher
alues during early cycles.

A change in shape of the inductance curve for discharg-
ng also occurs during early cycles. Fig. 3A compares the
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Fig. 2. (A) Compares the inductance profiles for eight consecutive cycles,
with charging time limited to 12 h (20 A, 14.25 V). The discharge capacities
are included above the curves. The profiles are not exactly reproducible from
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Fig. 3. (A) Compares the inductance profiles for 10 A discharging on cycles
8 and 30. There has clearly been a change in shape, which always occurs
d
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Fig. 5A compares the inductance curves obtained from dis-
charging at 10, 20 and 50 A, as well as from a partial discharge
at 250 A. The curves are all the same general shape with the
changes in inductance being smaller for the first 10–20% of
ycle to cycle, but can still be used to estimate the SOC. (B) Compares the
ischarge profiles of the first and last cycles of Fig. 2A. Deviation is seen at
igh SOC.

nductance discharge profiles of the 8th and 30th cycles. The
ighth cycle shows a greater sensitivity to the discharge over
he first half of the discharge, then the curves are parallel
or the second half. These changes are difficult to explain
ut must reflect the structural changes that have taken place
n the electrode. Fig. 3B compares the eighth cycle using 2
nd 10 kHz ac current. The magnetic field generated at 2 kHz
as a greater sampling depth into the electrode than that at
0 kHz. As mentioned earlier, initial reaction is expected to
e weighted towards the positive electrode side of the end
late. Therefore, the 2 kHz field should be more sensitive to
nitial discharging, as is seen to be the case with the steeper
lope of the 2 kHz curve at short discharge times. The fact
hat the 10 kHz curve is very flat during initial discharging
ndicates that there is little reaction towards the outer surface
f the end plate.

.2. Intermittent discharging

Fig. 4 shows the voltage profile for an intermittent dis-
harge carried out at 10 A, using a repetition of 2 h on dis-

harge then 2 h at rest. The inductance signal is seen to be
onstant at open circuit, as expected. In contrast, the voltage
akes some time to recover to a steady value at open circuit.
herefore, the inductance measurement is useful for moni-

F
2
p

uring the first 20 cycles as the electrodes fully form. (B) Compares the
hapes profiles on the eighth cycle, using two frequencies for the coil (the
kHz profile has been scaled up for the comparison). The lower frequency

amples to a greater distance away from the coil.

oring intermittent discharges without being connected to the
attery circuit.

.3. Discharging at different rates
ig. 4. The battery was subjected to an intermittent discharge at 10 A, using
h on and 2 h rest. The inductance signal is seen to be flat during the rest
eriods, as expected.
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Fig. 5. (A) The inductance curves for discharging at different rates are com-
pared and are seen to be almost superimposeable. The 250 A discharge was
terminated after 5 min. (B) The inductance curve for two 5-min 250 A dis-
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Fig. 6. (A) Compares the inductance profiles for discharging, first at room
temperature and then at −20 ◦C, at which four cycles were performed. The
profiles at −20 ◦C are all closely similar and quite different from that at room
temperature. (B) Shows the first three cycles performed at room temperature
following the −20 ◦C cycling (numbered 1–3) and compares them with the
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harges and then a 125 A discharge for 10 min. The inductance cannot be
orrected for temperature in this case because of the high lag time for sensing
he temperature outside the case.

ischarging and then increasing. Although the plots are nearly
uperimposeable, the inductance curve for 50 A is always to
ower inductance of that for 10 A. This change reflects the dis-
harge reaction occurring, on an average, further away from
he coil at the 50 A rate. The 5-min, 250 A discharge resulted
n the battery temperature rising by only 0.7 ◦C, but most of
his temperature rise was detected after the discharge had fin-
shed, because of the slow thermal diffusion rate through the
lastic battery case. The actual temperature at the negative
lectrode during discharging is not known so the inductance
urve has not been corrected for temperature; nevertheless,
he inductance curve tracks the other three closely. Fig. 5B
hows the inductance curve for a discharge that consisted of
wo 250 A discharges for 5 min followed by one at 125 A for
0 min. The measured battery temperature is also included
n the figure and can be seen to be of no use for correcting
he data. The temperature actually at the negative electrode is
pparently steady during the open circuit stands, in-between
ischarges, because the inductance reading is constant.

.4. Discharging at different temperatures
Fig. 6A compares the inductance curve of a 20 A discharge
erformed at room temperature with those of the four pro-
eeding cycles that were performed at −20 ◦C. The discharge

v
a

t

ast cycle before the low temperature cycling (4). The first discharge has a
rofile similar to that at −20 ◦C, but the profiles relax back to the original
hape (the backgrounds have been adjusted to match each other at the origin).

urves have been corrected for temperature and it can be seen
hat the inductance curves at −20 ◦C are quite different from
hat at room temperature. The shape of the curves at −20 ◦C
an be seen to remain relatively constant between cycles. The
hanges at −20 ◦C reflect a larger increase in resistance of the
lectrode as discharging progresses. This is to be expected
ecause the resistance of metallic lead is lower at reduced
emperatures, so the loss of metal has a larger effect on the
nductance as discharging proceeds. The inductance at short
ischarge times is particularly different and appears to indi-
ate that discharging is occurring, on average, closer to the
oil at −20 ◦C, than at room temperature. One can specu-
ate that this is because the micropores on the far side of the
nd plate (remote from the coil) are not as accessible at low
emperatures and that larger pores surfaces throughout the
lectrode structure take part in the reaction at an earlier stage,
o that, on an average, reaction is closer to the coil. Never-
heless, the total change in inductance for the first discharge
t −20 ◦C is similar to that at +22 ◦C, so that the inductance

◦
alues at −20 C could be used to estimate a percentage SOC,
s opposed to ampere-hour capacity.

Fig. 6B compares the inductance curves for discharging of
he first three room temperature cycles following the −20 ◦C
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ycles (labelled 1–3), plus the last room temperature dis-
harge prior to the low temperature cycles (labelled 4). Curve
is very different from the other three and is similar to those

hat were obtained at −20 ◦C. This is in spite of the fact that
he battery had been recharged at room temperature. The sec-
nd discharge (2) was closer to the curve obtained prior to the
ow temperature cycles (4) and the third discharge (3) was the
ame shape as curve 4. Therefore, the negative electrode prop-
rties involving structure, resistance and porosity, as sampled
y the inductance technique, had taken three cycles at room
emperature to recover to their prior state. The exact nature
f these changes is not known but one can speculate that
he skeletal structure of the negative electrode active mate-
ial suffered minor damage by the temperature change such
hat contact was lost between some branches, resulting in
higher resistance, but that contact was re-established with

urther cycling. At the same time, it is also possible that there
s less reactive material that is partially blocking pores close
o the negative electrode, which have been removed during
urther cycling. However, the data show that large errors can
e introduced into the inductance measurement technique
y varying the temperature substantially. It is apparent that
he inductance technique for a battery will need to be cal-
brated for different temperatures, if accurate ampere-hour
stimations are to be made. On the other hand it is neverthe-
ess of interest that the inductance measurements are tracking
hanges in the negative electrode structure.

.5. Effect of capacity degradation on inductance signal

Fig. 7A shows the inductance data for cycling the battery
fter 100 cycles and under conditions where it was being
onsistently undercharged. Charging was for 12 h at 10 A,
4.25 V and 101.5% of the discharge capacity was returned.
he discharge capacities are listed at the top of the figure. The

nductance curves for discharging can be seen to be falling in
agnitude in parallel with the capacity. The interesting point

bout this data is that the falling values reflect a lower resis-
ance in the electrode and, by inference, a higher metallic
ontent, at all states-of-charge. The coils are 35 mm diam-
ter, so the induced eddy currents traverse approximately
00 mm of the electrode interior and will not be sensitive
o any possible electrically isolated crystals of metallic lead.
nder these conditions, estimation of the SOC of later cycles
sing the first discharge in Fig. 7A is obviously very inac-
urate. Fig. 7B compares the profiles of the first and last
ischarges of Fig. 7A. The last discharge needed to be shifted
o the right to match the first discharge, so the profiles do not

atch at either the start or the end of discharge. This is not
nexpected because the coils are only measuring a relative
hange in inductance and there is still unused active material
resent at the end of discharge. The falling trend in the induc-

ance background reflects a lower resistance in the electrode
nd is counter intuitive. A possible explanation is that the
ead crystals in the secondary structure of energetic material
re growing larger and are contributing more to the conduc-

a
t
f
w

ig. 7. (A) The effect that undercharging has on both the discharge capacity
nd the inductance signal. (B) A comparison of the shapes of the first and
ast discharge profiles from the data shown in (A)

ivity of the electrode. In the immediately following cycles,
he battery was charged for 24 h using a higher voltage limit
f 14.6 V. The capacity recovered and the inductance data
ollowed the reverse trend with the background signal rising
nd the profile returned to its previous shape. Therefore, the
nductance data are relatively stable provided that the battery
s completely recharged.

.6. Measurement of battery SOC using voltage drop
cross the coil

A major drawback with using inductance to monitor the
OC of lead-acid batteries is the high cost of the equipment
eeded for automatically monitoring the small changes in
nductance during cycling. The equipment used for the above
ork was a computer controlled Frequency Response Anal-
ser and several multimeters. The cost of a FRA is of the
rder of US$ 30,000 so a less expensive method of mon-
toring the coil-lead interaction is needed if the technique
s ever to be used in the field. The alternative method that
e adopted was to measure the voltage drop across the coil.
his required the use of a high precision multimeter and an
rbitrary Waveform Generator (total cost US$ 3500). An
ppropriate 10 kHz waveform was needed that was sensitive
o changes in the lead electrode. After some tests using dif-
erent coils and waveforms, the eventual choice was a square
ave of amplitude 5 Vpp coupled with a low inductance coil
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Fig. 10. The inductance profile of one cycle is compared with ac voltage
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ig. 8. The inductance profile of one cycle is compared with the ac voltage
rop measured across a second coil. The second coil was excited using a
0 kHz square wave. The discharge curves can be seen to be the same shape.

0.68 mH). This coil converted the 10 kHz square pulses into
n exponential saw-tooth form and the height and shape of
hese were observed to be sensitive to metal content, with
he aid of an oscilloscope. A battery was then cycled with
wo different coils attached to it: one for the usual inductance

easurements and the other for the ac voltage measurement.
n order to avoid possible interference, the coils were attached
o separate cells in the battery. Fig. 8 compares the inductance
nd ac voltage profiles for a typical cycle at 10 A. Both curves
ave been corrected for temperature and the discharge por-
ions of the curve can be seen to be closely similar in shape.
he recharging portions are not as similar and the reason for

his is not yet understood.
Fig. 9 compares the inductance and ac voltage signals from

he battery as it was cooled down from +20 to −20 ◦C in
ncrements of 10 ◦C, with the battery left at each tempera-

ure for 24 h. The battery was then subjected to four cycles
t −20 ◦C, with the charging time limited to 18 h. It is appar-
nt that the ac voltage measurements are not as sensitive
o temperature as inductance is. The calibration curve for

ig. 9. A comparison of the inductance and ac voltage profiles from the two
oils when the battery temperature was progressively lowered to −20 ◦C
nd four cycles performed at that temperature. The ac voltage is clearly less
ensitive to temperature, so those profiles do not need to be corrected for
mall temperature changes during cycling.
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ata obtained using a dc power supply, a power transistor and a timer chip
o drive the coil. This simple circuit is clearly inferior to using an arbitrary
aveform generator to drive the coil.

c voltage coil versus temperature was linear with a slope
f 9.5 × 10−5 V ◦C−1. Because there is very little tempera-
ure change during a low rate discharge (C/10) of the battery,
emperature correction of the inductance or ac voltage is not
ignificant at room temperature. However, if a battery moni-
oring system is to be employed that includes this inductance
OC technique, the battery temperatures would be monitored
nyway.

Following the success of using the ac voltage of a coil
o measure the SOC, it was decided to try and build a sim-
le circuit to replace the arbitrary waveform generator using
ommonly available power transistors and timers. The circuit
sed a timer chip (#555) to help generate a 10 kHz square
ave, which was inputted to a power transistor (P41C) that
as used to drive the coil. The circuit was enclosed in a metal
ox for shielding and the power transistor was attached to a
ater-cooled thermal sink. A dc power supply (HP6291A)
as used to power the circuit. Fig. 10 compares the induc-

ance and ac voltage profiles for one cycle. The noise level
f the ac voltage profile can be seen to be high. However,
he data demonstrate that the SOC can be measured in this
ay using basic electronic components, so it may be possi-
le to build a practical device using optimised components.
n our particular case, the dc power supply that was used
ost the same as the arbitrary waveform generator, so there
as no benefit from using the homemade circuit. However,
less expensive power supply could be utilised, such as

nother battery in the case of monitoring a bank of large
atteries.

. Conclusions

Measurement of the inductance of wire-wound coils, using

c current in the frequency range 10 kHz, was found to be
uccessful for non-intrusively monitoring the state-of-charge
f sealed lead acid batteries. The battery–coil combination
eeds to be calibrated by performing complete discharge



al of Po

c
t
t
r
t
o
d
m
l
o
d
i
w
t
t
T
c

A

T
a

R

[
[
[

[4] I.R. Hill, E.E. Andrukaitis, J. Power Sources 103 (2001) 98–112.
I.R. Hill, E.E. Andrukaitis / Journ

ycles and the inductance signal needs to be corrected for
emperature variations within the battery. The accuracy of
he technique is affected by whether the battery is fully
echarged and whether it has been subject to major tempera-
ure excursions. In either case, the signal relaxes back to the
riginal values following further cycling under normal con-
itions. This coil technique should be particularly useful for
onitoring the state-of-charge of sealed or gelled-electrolyte

ead acid batteries and also for identifying the end-of-charge
f the negative electrode. The inductance curves obtained
uring and following low temperature cycling are interest-
ng because structural changes in the negative end plates
ere being monitored. Further work is required in order
o confirm the present results and their interpretation, plus
o determine the practicality of the technique in the field.
he batteries discussed in the present paper are still being
ycled.
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