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Abstract

Non-intrusive monitoring of the state-of-charge (SOC) of lead-acid batteries by the use of wire wound coils is described. Coils were

attached to the outside case of the battery, adjacent to the negative end plate, and excited using ac current of frequency in the range of

1–40 kHz. The change in inductance of the coils was monitored during battery cycling, as the metallic content of the electrode changed.

Following correction for temperature changes, the technique is capable of estimating the SOC of a battery to an accuracy of �10%. The

inductance profiles that were obtained changed shape as the batteries aged and also with the exciting frequency. The origins of these

changes are discussed. Crown Copyright # 2001 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The state-of-charge (SOC) of lead-acid batteries is of

particular interest in applications that involve deep dischar-

ging, such as electric vehicles and submarine propulsion.

Traditionally, the SOC is estimated from the discharging

voltage and current of the battery using algorithms, or from

using sensors inside the battery. However, a reliable way of

probing the SOC external to the battery would be preferable.

Several patents have been published during recent years

concerning the use of wire-wound coils to monitor the SOC

of lead-acid batteries [1–3]. With this technique, a coil is

firmly attached to the battery case such that its windings are

parallel to the surface of the end plate of the battery. The two

end plates of a lead-acid battery are normally both the

negative, metallic lead electrodes. When an ac current is

applied to the coil, it generates a magnetic field that pro-

pagates along the axis of the coil winding into the battery.

This alternating magnetic field can propagate through an

insulator but will be absorbed by a conductor, such as a metal

electrode. The energy lost to the conductor, by the magnetic

field of the coil, can be detected from the drop in inductance

of the coil compared with that measured in air. The alter-

nating magnetic field generates eddy currents in the con-

ductor that mirror the current flow in the coil and which set

up an opposing alternating magnetic field. In this way, the

intrinsic inductance of the coil is reduced in the proximity of

the metal electrode — the coil is being used as a metal

detector. This technique should be considered for applica-

tions with rechargeable batteries that have relatively flat

discharge curves and especially for sealed or gelled-electro-

lyte systems.

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

negative electrode active material is converted to lead

sulphate, so the total metallic content of the electrode is

lowered. The alternating magnetic field does not interact

with lead sulphate, so the coil inductance changes with the

SOC of the negative electrode. The positive electrode active

material changes from lead dioxide to lead sulphate during

discharging, so this electrode will not affect the coil induc-

tance during cycling. Lead dioxide is a semiconductor and

its resistance is too high to support eddy currents (91 MO cm

at 208C). This technique requires equipment sensitive

enough to detect small changes in the coil inductance during

battery cycling. The coil needs to be as close as possible to

the electrode and only a small range of frequencies has been

found to be useful (details of this will be given later). The

changes in inductance are not quantitative by themselves

because the distance between the coil and the lead electrode

is not known. Rather, the battery needs to be cycled in order

to generate a calibration curve relating the inductance

changes to the true SOC. Because the coil is being used

to detect metal, it is apparent that the batteries being
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considered here should have non-metallic cases. This coil

technique is a new application of eddy current analysis,

which is in widespread use in the aerospace industry for

detecting cracks or corrosion in the metal skin of aircraft.

However, in the present application, the coils being used

have a much larger diameter, in order to sense the average

composition of the electrode.

In the first patent that was issued to Stevenson on battery

monitoring using coils [1], a commercial proximity sensor

was used that was operated in the frequency range of 75–

135 kHz, which was the resonance region of the coil. The

SOC was monitored via a shift in the resonance frequency of

the coil. The patent also suggested operation of the coil at a

fixed frequency. Limuti et al. [2] proposed the use of coils

and capacitors for a battery monitoring system that mea-

sured SOC, electrolyte level, internal resistance and tem-

perature. In this case, the SOC sensing coil was wrapped

around the entire battery, which was not an ideal arrange-

ment. A later patent from Beutler et al. [3] suggested using

coils parallel to the end plate of a lead acid battery to

measure the SOC. Here, two sizes of coil were described.

The first was several large loops, whose diameter

approached the dimensions of the electrode. The second

was a smaller coil of about 4 cm diameter with many

windings, that was positioned over the centre of the end

plate. The small coil was held in a ferrite pot core, which

enhanced the magnetic field of the coil and also shielded it

from electromagnetic interference. The SOC of the battery

was determined using both the real (resistance, R) and

imaginary (inductive reactance, XL) components of the

electrical complex impedance (Z ¼ R þ jXL, where

XL ¼ 2pfL and L is inductance). A fixed frequency was

used to estimate the SOC, as above, but the use of several

frequencies allowed calculation of the permeability and

conductivity of the electrode sheet; from this, a more

accurate SOC could be determined. Beutler et al. [3] also

described measurement of the interaction between the coil

and the electrolytes in the absence of electrode plates.

Measurements were made on pure water and concentrated

sulphuric acid (for lead-acid). The resistance (rather than

inductance) of the coil was found to roughly correlate with

the specific conductance of the electrolyte but the change

was much lower than that arising from the metal electrodes

during cycling.

The real resistive component of the impedance is a

measure of energy losses in the metal, because the eddy

currents represent a resistive load. This causes the resistance

of the coil to increase. The imaginary inductive reactive

component is related to the energy stored in the magnetic

field of the coil. Consequently, the eddy currents cause

the inductive reactance to fall in magnitude. The system

can be modelled as two mutually interacting coils, separated

by a distance that varies with the frequency, or skin depth

(see Section 3.1). The present work was carried out in

order to determine whether this inductance technique could

be an accurate and reliable way of monitoring the SOC of a

lead-acid battery throughout its useful life, plus to try and

understand the finer details of the inductance profiles

observed during long-term cycling. One aspect that was

not addressed in any of the patents was the effect that

temperature had on the inductance measurements. There

is an appreciable dependence of eddy current interactions on

temperature and the temperature inside a battery varies

during cycling, even if the ambient temperature does not,

so that is one issue addressed in the present communication.

2. Experimental

The coils used in this work were 35 mm in diameter and

were hand wound onto polycarbonate spools using either 24

or 34 gauge lacquered copper wire. The ferrite pot cores and

polycarbonate spools were obtained from ELNA Ferrite

Labs, Inc., Woodstock, New York. The ferrite cores were

made from a mixed MnZn or NiZn ferrite and had initial

permeabilities of 2300 � 20%, with on optimum frequency

range below 300 kHz. The coils typically had an inductance

of approximately 30 mH, which increased to 120 mH when

placed inside the pot core. The pot core coils had a resonance

frequency in the region of 70–80 kHz, but the frequencies

used in these experiments were all below that region.

Impedance data were acquired using a Hewlett-Packard

HP 4192A LF Impedance Analyser, which has an oscillator

level in the range of 5 mV to 1.1 V. Inductance (L) was

measured as (inductive reactance)/(angular frequency), or

XL/o. Lead-acid RV batteries of 12 V were cycled using a

Kikusui PBX 2020 bipolar power supply and 12 V military

SLI truck batteries (6TL made by Exide Corp. and 6TLFP

made by East Penn Manufacturing Co.) were cycled on a

Digatron Electronic Universal Battery Tester (UBT1-50).

Measurements were taken every 5 min during battery

cycling using a controlling programme written using Lab-

view 4.0. The internal temperature of the end cell being

monitored by the attached coil was sampled using a thermo-

couple encased in a thin-walled glass tube. Voltages and

currents were measured using Fluke 8840A and Hewlett-

Packard 3457A multimeters. A Thermotron S-8 environ-

mental chamber was used to equilibrate the batteries at

different temperatures.

3. Results and discussion

3.1. Frequency of the ac current

Preliminary work with the coils was carried out using lead

blocks and lead foil. This work established that frequencies

in the range of 5–20 kHz were the most sensitive to the

variation in thickness of the lead and yielded data with the

best signal-to-noise ratio. The use of multiple layers of

0.075 mm lead foil in this frequency range showed that

the inductance change increased in a smooth way as the total
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thickness of lead increased, up to a limit beyond which

increasing of thickness had little effect. This limit arises

because the electromagnetic field is absorbed exponentially

with penetration depth into a metal. The limiting thickness

observed for the lead foil was approximately 1.65 mm at

5 kHz and 0.825 mm at 20 kHz. These thicknesses are

comparable with those of the electrodes in SLI and traction

lead-acid batteries. However, the electrodes in such batteries

are highly porous so their interaction with the alternating

magnetic field will be complex, and also superimposed with

the signal from the supporting lead grid. Absorption of the

electromagnetic field by the metal follows the relationship

d ¼ ðpmsf Þ�1=2
, where d represents the depth at which the

field is attenuated by 1/e, or 63%, and is termed as the skin

depth, m is the permeability of the material (which is equal to

4p� 107 H m�1 for non-ferromagnetic materials such as

lead), s the conductivity and f the frequency of the oscillat-

ing field. For lead, the skin depth was calculated to be 29 mm

at 60 Hz, 7.3 mm at 1 kHz, 2.3 mm at 10 kHz, and 0.73 mm

at 100 kHz. Using the information obtained from these

preliminary studies, experiments were then carried out

on commercial batteries, using frequencies in the range of

1–40 kHz.

3.2. Inductance behaviour during early cycles and

the correction for battery temperature

The majority of experiments were carried out using 12 V

military truck, SLI/deep cycle hybrid batteries. These were

normally charged for 18 h, with a voltage limit of 14.4 V

(6TL batteries with antimony alloy grids) or 15.0 V (6TLFP

batteries with calcium alloy grids), with the current limited

to 25 A. Following a 1 h rest, the batteries were normally

discharged at 9 A, which corresponded with a reserve

capacity application in the Canadian Land Forces. For

consistency, the majority of the data presented here are

from the same 6TL battery. Fig. 1A shows a section of

the voltage and absolute current profiles during cycling and

Fig. 1B shows the corresponding changes in the attached

pot-core coil inductance at 10 kHz. Notice that the induc-

tance rises during discharging and falls during charging. The

inductance only changes by about 0.7% during cycling,

showing that sensitive and stable instrumentation is neces-

sary. Measurements were taken every 5 min and the data

presented are the average of 10 measurements (averaged by

the HP4192A). Clearly, signal averaging can be used to

improve the signal-to-noise ratio. The inductance of this pot-

core coil was 120.41 mH in air, which fell to 117–118 mH

when it was attached to the battery. Therefore, the induc-

tance is lower in the presence of the lead and during

discharging, when lead is converted to non-metallic lead

sulphate, the inductance rises. Discharging was carried out

at a constant current of 9 A and it can be seen that the

inductance change is almost linear with the charge with-

drawn, indicating the feasibility of using these measure-

ments to monitor the SOC of a lead-acid battery. The

charging portion of Fig. 1B is of a very different shape

because the initial charging current was 25 A, which tapered

off when the battery voltage reached 14.4 V. Hence the rapid

fall in inductance at shorter times, followed by an extensive

wing. Fig. 1C is a replot of the same cycle as in Fig. 1B, but

with the time axis replaced by the integrated absolute charge

passed during that cycle. It can be seen that the charging and

discharging portions in the figure are quite different. This

will be discussed further in a later section. Because the initial

charging current was 25 A, there are few data points between

100 and 160 Ah in Fig. 1C.

The lead-acid battery charging reaction is mildly exother-

mic and results in only a minor increase in temperature at

low charging rates. With high charging rates, resistive

heating and polarisation heating become important. It was

expected that the inductance change would be sensitive to

temperature, but it was not known how significant the effect

would be relative to that from the SOC. Therefore, the pot-

core coil and a lead block were placed in an environmental

chamber and the inductance signal from the lead was

measured at 10 kHz at several temperatures. The pot-core

coil itself exhibited negligible inductance change with tem-

perature, but the signal from the lead did change with

temperature. The inductance signal tracked the change in

temperature indicating that the eddy currents were stronger

at lower temperature and that the resistance of the lead was

important. The inductance of the pot-core coil in air at

10 kHz was 120.4 mH, which fell to 92.2 mH on the lead

block at 218C. At �24.98C, the inductance had fallen to

86.4 mH and the linear relationship between the inductance

change and the temperature yielded a proportionality factor

of 0.126 mH 8C�1. This factor will vary with the spacing

between the coil and the metal so a better way of expressing

the change is as a percentage relative to the difference

between the signal on lead and in air. In the present case,

this was 0:126=ð120:41 � 92:20Þ � 100 ¼ 0:45% 8C�1.

The temperature correction factor varied slightly with fre-

quency because of the different skin depths involved.

The temperature dependence experiment was repeated

using the same coil with a lead-acid battery and the data are

plotted in Fig. 2A for 10 kHz. Again, the inductance change

tracked the temperature change, so a proportionality factor

could be calculated. This was 0.0311 mH 8C�1. As a per-

centage change, this was 0:0311=ð120:41 � 113:73Þ�
100 ¼ 0:47% 8C�1. The small difference between the values

for the lead block and for the battery electrode show that the

correction factors are consistent. The lowest trace in Fig. 2B

shows the temperature variation of a 6TL battery during the

some early cycles (14–17). The main temperature change

occurs during the 25 A portion of charging, as expected. The

total temperature increase during a cycle was approximately

78C and the corrected and uncorrected inductance curves for

10 kHz are compared in the upper portion of Fig. 2B. The

corrections to the inductance during discharging were small

and arose from residual heat from the charging half-cycle.

For charging, the temperature correction had the effect of
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flattening out the inductance plot near the end of charging.

When the negative electrode is fully charged, the inductance

should remain constant. The data in Fig. 2B indicate that the

electrode being monitored was close to being fully charged.

The battery was being charged to 110% of capacity, but an

increased charging time would have been beneficial (110–

120% is normally recommended). Therefore, one applica-

tion of these inductance measurements can be to determine

the end-of-charge of a sealed battery. In such a case, the

temperature probe would need to be adjacent to the coil

rather than inside the cell, as was used here. More specifi-

cally, the inductance technique will determine the end-of-

charge of the negative end plate of a cell. In the present work,

only one coil was used per 12 V battery, so a faulty cell

elsewhere in the battery would not be detected using induc-

tance data alone. For a 12 V battery, four of the six cells

could be monitored using coils. For a large submarine cell

(150 cm � 40 cm � 40 cm), which may have concentration

gradients from the top to the bottom of a cell, several coils

could be placed in different locations in order to determine

the uniformity of negative plate discharging reactions.

Fig. 3 shows the inductance changes at 10 kHz for a

defective, 14 Ah, flooded RV lead-acid battery that was

going into thermal runaway during charging. This battery

was charged for 15 h at 1 A, with a 14.8 V limit. However,

the voltage stabilised at only 14.7 V after 12 h and the

Fig. 1. One cycle of a 12 V, 6TL lead acid battery, discharged at 9 A to 10.5 V and charged using 25 A/14.4 V for 18 h: (A) Current (absolute values) and

voltage profiles; (B) Inductance profile plotted against time (10 kHz); (C) Inductance profile plotted against the total absolute value of the charge passed.
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Fig. 2. (A) Inductance (10 kHz) and battery temperature changes for a RV battery being held in an environmental chamber at three set temperatures. The

inductance change is linear with the temperature; (B) Inductance profiles before and after correction for battery internal temperature changes.

Fig. 3. Temperature correction applied to the inductance (10 kHz) of a defective 12 V, RV lead-acid battery that was being charged at 1 A/14.8 V.
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temperature had climbed from 22 to 318C by the end of

charging. The experimental inductance change can be seen

to be exhibiting an anomalous behaviour near the end of

charging, where it begins to increase again. After correcting

the data for the change in temperature, as previously

described, the inductance change became flat in this region.

This showed that the negative electrode had reached its

maximum attainable charge after only 8 h and that further

charging current was leading to gassing and heat production.

Therefore, a battery monitoring system could include induc-

tance data to detect the end-of-charge of the negative

electrode, or faults associated with that electrode, including

self-discharging at open circuit.

3.3. Drifting of the background inductance signal

during early cycles

It will be noticed that the whole inductance plot in Fig. 2B

is drifting to higher inductance values with time. This

behaviour was also observed with other lead-acid batteries

studied in this work and occurred during the first 20–30

cycles, after which the plots tended to be level. This rising

background was seen for all of the frequencies sampled (1–

40 kHz) and the magnitude of the increase correlated with

the magnitude of the inductance change during one cycle,

for each frequency. From this, it was apparent that the rising

background involved changes to the lead electrode and did

not originate from an instability of the coil-battery combi-

nation. Lead acid batteries are known take about 25 cycles

for the electrode structures to stabilise [4,5]. During early

cycles, the porosity of the electrodes increases, with an

accompanying increase in surface area and an increase in

discharge capacity for low rates. In particular, Pavlov et al.

have shown how the use of expanders leads to the negative

electrode active mass becoming more porous during early

cycles and that the electrode swells [5]. One important factor

involved in these structural changes must be the increase in

molar volume by 2.64 times, when lead is oxidised to the

sulphate. The rising background observed in the inductance

plots in this work must be attributable to the same structural

changes during early cycles. The increase in inductance

corresponds to a drop in eddy current flux. This, in turn,

correlates with an increase in porosity of the negative elec-

trode, which would make the path of the eddy currents more

tortuous through the complex skeletal structure of the active

material, and result in a higher resistance. On the other hand,

any swelling of the electrode towards the coil would result in

a stronger interaction with the coil and higher magnitude

inductance changes, resulting in a lower background. Because

this was not observed we must assume that porosity changes

are more important during these early cycles.

3.4. State-of-charge measurements

Fig. 4A shows the inductance data at 10 kHz for ten cycles

of the same 6TL battery (cycles 37–46) after the background

inductance signal had stopped drifting upwards. Here,

charging was carried out for 14 h and approximately

110% of the previous discharge capacity was returned to

the battery. The discharge capacities have been included in

Fig. 4A, above the curves, and are seen to be relatively

constant. The data in Fig. 4A are not exactly reproducible

from cycle to cycle and do not completely correlate with the

capacity. There is still slight shifting of the background

inductance with time, which means that a SOC monitoring

system making use of this technique would need to be

recalibrated approximately every 10 deep discharges in

order to maintain accuracy. Nevertheless, data from one

cycle in Fig. 4A could be used to estimate the SOC during

the other cycles in Fig. 4A, to an error of approximately

�10%. However, knowing the inductance at the beginning

of a particular discharge enables a better estimate of the

SOC, because the drifting problem is then minimised.

Fig. 4B is a plot of the ratio of the (inductance change

during discharging)/(capacity), for each discharge of the

cycles shown in Fig. 4A. This ratio is ideally constant, but

the observed scatter in the data indicates that the SOC could

be estimated to an error of approximately �7%. Of course,

there are also large errors in estimating the SOC of lead-acid

batteries using other techniques, such as specific gravity or

discharge voltage-current measurements. An advantage of

the present technique is that it can be used with gelled-

electrolyte batteries. Additionally, the inductance technique

can also be used when the battery is in open circuit, unlike

the case for discharging voltage/current algorithms. For a

gelled battery that previously had a coil attached to it and its

inductance calibrated, this technique may be the best

method of non-intrusively estimating the SOC. Work using

gelled-electrolyte batteries is currently underway and these

give similar inductance profiles to flooded batteries, as

expected.

Fig. 5A shows the inductance data at 10 kHz for further

cycles of the same 6TL battery (cycles 76–86) under non-

ideal charging conditions; the charging time was reduced to

8 h so that the battery was slightly undercharged. Without a

full recharge, the measured capacities in Fig. 5A are not as

constant as those in Fig. 4A and the inductance plots are not

as reproducible. For this data, the error in using one of these

cycles to estimate the SOC in the other cycles is approxi-

mately �20%. The ratio of the (inductance change during

discharging)/(capacity) (Fig. 5B) is not as constant for these

cycles and the error involved in estimating the SOC, when

the inductance value at the beginning of discharging is

known, is approximately �12%. At the cycle 9 of

Fig. 5A, an extended recharge time of 25 h was applied

and the capacity recovered from 79.0 to 104.2 Ah. The

inductance plot during the extended recharging continued

to fall for most of the 25 h period, showing that PbSO4 at the

negative electrode continued to be reduced. Therefore, the

inductance technique would be useful for monitoring the

end-of-charge of the negative electrodes in gelled cell

batteries during reconditioning charges.
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3.5. Change in shape of the inductance profile for

discharging

A closer look at the inductance plots for discharging, in

Figs. 4A and 5A, reveals that the discharging portions of the

plots are no longer as straight as in early cycles. This change

began to be visible around the cycle 20 and is displayed in

Fig. 6A, where the cycles 15 and 30 are compared (the

background signals at the beginning of discharging were

slightly different but have been superimposed for ease of

comparison). The change in inductance during discharging

decreased from the cycles 15 to 30, whilst the capacity also

decreased from 91.5 to 78.75 Ah, because of insufficient

charging. In the cycle 30 discharge, the inductance increases

more rapidly for about the first half of the discharge and then

noticeably slows down. Fig. 6B is a plot of the same data

with the time axis of one curve scaled by the ratio of the two

discharge capacities, so that the inductance changes at the

same states-of-discharge can be directly compared. Now the

plots in the first half of discharging are of the same shape,

implying that the same behaviour is occurring during this

part of the discharge, whilst a different behaviour is seen for

the second half. There appears to be an abrupt change in

slope, rather than a continuous curve. When the battery was

left at open circuit for 2 days after charging, the same shape

inductance profile was obtained from discharging, so the

changes are from a stable electrode structure. In both Fig. 6A

and B, the inductance of the cycle 30 can be seen to be

changing less rapidly in the second half of the discharge.

This behaviour was found to be dependent on the frequency

of the magnetic field, which will be discussed in the next

section.

Fig. 7A compares the inductance change of the discharges

in the cycles 30 and 110, where the time axis has again been

scaled to compare inductance changes at the same states-of-

charge. Here, it is seen that the rate of change of inductance

near the beginning of discharging has increased for cycle

110, while the shape of the curve for the rest of the discharge

Fig. 4. (A) Inductance profiles (10 kHz) for cycles 37–46 of a 6TL battery. The ampere-hour discharge capacities are included above the profiles (9 A

discharging, 25 A/14.4 V/14 h charging); (B) Plot of the ratio (inductance change during discharging)/(capacity) for the same cycles.

104 I.R. Hill, E.E. Andrukaitis / Journal of Power Sources 103 (2001) 98–112



is similar to that in cycle 30. Therefore, during the operating

life of the battery, the biggest change in the shape of the

inductance plots for discharging occurred between cycles 15

and 30. Further information on this behaviour was also

obtained from using different frequencies.

Fig. 7B shows an enlarged plot of the cycles 83 and 84,

that were also shown in Fig. 5, in which the discharge

capacity was low in the cycle 83 because of undercharging,

but was recovered by an extended charging time for the cycle

84. Here, it can be seen that the shape of the inductance

profile for discharging has been maintained after extensive

charging. This indicates that the shape of the first part of the

discharge inductance profile is related to the structure of the

electrode and is not associated with passivation. The addi-

tional capacity in cycle 84 led to the inductance changing at

the same rate, during discharging, as in the later part of cycle

83. Therefore, those parts of the electrode that had been

sulphated did not yield a different rate of change of induc-

tance during discharging in cycle 84.

3.6. Frequency dependence

In order to learn more about the change in slope of the

inductance plot during discharging, measurements were

made at different frequencies. This was because the differ-

ent skin depths of the magnetic field allowed for a certain

degree of depth profiling of the negative electrode. Fig. 8A

compares the inductance profiles of cycle 121 of the 6TL

lead-acid battery at 1, 3, 10 and 30 kHz. In order to compare

the shapes of the curves, all of the backgrounds have been

adjusted to that for 10 kHz. Although the inductance change

is greatest at 30 kHz, the signal-to-noise ratio of the data is

not as good as that at 10 kHz. In fact, the signal was rising in

magnitude at 30 kHz because the frequency was approach-

ing the resonance frequency of the pot-core coil, which was

70 kHz. A lower frequency allows sampling to greater

depths into the lead electrode, but the detected change in

inductance is also lower in magnitude. This is because the

eddy currents that are induced by the coil are concentrated,

Fig. 5. (A) Inductance profiles (10 kHz) for cycles 76–86 of a 6TL battery, using the same cycling regime as in Fig. 4, except that charging time was reduced

to 8 h. For cycle 84, the charging time was extended to 25 h; (B) Plot of the ratio (inductance change during discharging)/(capacity) for the same cycles.
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on average, further away from the coil and, therefore, the

secondary magnetic fields associated with those currents do

not interact as strongly with the coil. The actual shapes of

the inductance plots during the cycle are compared in

Fig. 8B. Here, the inductance changes have all been normal-

ised to that at 30 kHz. There are clearly two separate

components to the inductance plots during discharging

and there is a definite frequency trend. The steeper curve

that was obtained during the first half of the discharge is

more prominent at lower frequencies. The higher rate of

change of inductance at 1 kHz implies that the charge

transfer reactions during the first 30–50% of the discharge

are concentrated more in that part of the end plate furthest

away from the coil. The skin depth is 7.3 mm at 1 kHz, so

the magnetic field will be traversing the 2 mm thickness of

the end plate. The much smaller slope of the 1 kHz plot

during the second half of the discharge, in conjunction with

the plots at other frequencies, indicates that the charge

transfer reactions now must be occurring closer to the coil,

on average.

The behaviour observed in Fig. 8 can be explained in

terms of the porous nature of the end plate of the battery,

which is the only electrode being sampled. Only one surface

of the end plate is facing a positive electrode and that surface

is likely to be discharged more quickly because of electro-

lyte migration effects. The discharge reaction taking place at

the negative electrode proceeds via a solution–precipitation

mechanism and can be written as [6]:

Pb ! Pb2þ þ 2e�

Pb2þ þ HSO4
� ! PbSO4 þ Hþ

here, migration and diffusion of the large anions through

the micropores of the negative electrode structure is rate

determining [7]. At higher discharge rates, reaction will be

concentrated towards the surface of the electrode further

Fig. 6. A comparison of the inductance profiles (10 kHz) of the cycles 15 and 30 of the same 6TL battery, with the background inductance adjusted to the

same value: (A) The inductance change during discharging appears to change slope approximately halfway through the 30th discharge; (B) The same data

with the time scale of cycle 15 normalised to that of cycle 30, so that the inductance profiles reflect the same states-of-charge.
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from the coil. For example, at 1 kHz, the change in induc-

tance with initial discharging is much faster than that at

30 kHz, because the magnetic field at 1 kHz is probing the

far surface of the electrode, on average, whilst the 30 kHz

field is sampling material closer to the coil. The discharging

rate being used in these experiments was approximately C/

10, which would be expected to give a fairly uniform

distribution of lead sulphate in the negative electrode,

whereas discharging at the C rate or higher, would be

expected to lead to passivation of the surface of the electrode

before the interior of the electrode has been fully oxidised

[8,9]. However, the end plate only has a counter electrode on

one side but is still of the same thickness as the other

negative plates. Therefore, it will inevitably behave differ-

ently and will develop a discharge product concentration

gradient at lower discharge rates than the other electrodes.

During the first 20–30 cycles of a lead-acid battery, the

electrode structures rearrange and become more porous [5].

The large increase in molar volume of the active mass that

occurs during discharging must be a driving force for this

change. The active material has a primary skeletal structure

of lead that supports a secondary structure of crystals of

active material that are oxidised and reduced [5]. The

skeletal structure of the active material at the surface of

the electrode will be weaker than that in the bulk electrode,

which may result in a higher concentration of large pores

being formed at the surface during these early cycles. Fig. 6B

showed that the inductance change near the beginning of

discharging for cycles 15 and 30, appeared to arise from the

same behaviour and that it is the behaviour obtained during

the second half of discharging that is different. Fig. 7B

showed that removal of sulphation (due to undercharging)

did not change the shape of the inductance profile for short

discharge times. If we assume that the sulphation was mainly

causing blockage of micropores, then there is the implication

that the second part of the inductance profile is associated

Fig. 7. (A) Comparison of the inductance profiles (10 kHz) of the cycles 30 and 110 for discharging a 6TL battery at 9 A. The time axes have been modified so that

the curves reflect the same states-of-charge; (B) Comparison of the inductance plots of cycles 83 and 84, showing the effects of extended charging on cycle 84.
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more with small pores than the first part. The walls of large

pores will have a greater thickness of lead in the charged state

than micropores and, therefore, should support a greater flux

of eddy currents. In the absence of further data, we conclude

that the discharge reaction is occurring preferentially towards

the inward facing surface of the end plate, even at the low rates

of discharge used here (	C/10). The change in slope of the

inductance profile may arise because there is a higher con-

centration of large pores towards the inward-facing surface

and that discharging, on average, is concentrated in these

pores during the first part of discharging.

3.7. Comparison of charging and discharging

inductance profiles

Fig. 9A compares the inductance changes for the cycles 9

and 110, plotted against the total absolute charge passed. It is

apparent that the inductance plot for charging has also

changed with cycling but, unlike for discharging, the plot

has become less curved with time. The inductance profiles

for charging and discharging are certainly not of the same

shape. The majority of cycling was carried out using a

constant current of 9 A for discharging and a maximum

charging current of 25 A, so there will be a rate-related

difference (see later). The nature of the electrochemical

reaction at the negative electrode is important: with dischar-

ging, the bulk electrolyte needs to supply large sulphate ions

to the negative electrode in order to form the lead sulphate,

but with charging, the bulk electrolyte needs to supply

hydrogen ions which have much higher mobility. Therefore,

the charging reaction should proceed much more uniformly

throughout the electrode. Fig. 9B compares the inductance

changes at 3 and 10 kHz for the cycle 125. Here the charg-

ing profiles are similar, while the discharging profiles are

Fig. 8. A comparison of the inductance profiles at 1, 3, 10, and 30 kHz, for the cycle 121 of a 6TL battery (9 A discharging, 25 A/14.4 V/14 h charging): (A)

The data have been adjusted to the same background at zero time; (B) The profiles have been normalised to the same maximum in order to compare their

shapes ((&) 1 kHz, (�) 3 kHz, (*) 10 kHz, and (~) 30 kHz).
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different in agreement with the above supposition (the

charging reaction is discussed further, later in this section).

Further cycles were carried out using 10 A and 6 A

charging current limits. This did not affect the shape of

the inductance profile of the following discharge, although

the effect of longer term cycling has not yet been estab-

lished. The inductance behaviour during charging did

change, however, as can be seen in Fig. 10A, where the

profile is now almost linear for 10 A charging. Again, it is

instructive to attempt to explain the origins of this change.

One important factor is the loss of charging current to

resistive and polarisation heating. This loss is represented

by the difference in the charge passed during charging and

discharging. For the 25 A charging cycle shown in Fig. 10A,

this difference was 8.66 Ah. Fig. 10B shows the same cycle

and includes the temperature change. The inductance curve

for charging was corrected for the charge lost to heating

effects by making the approximation that the loss of charge

was proportional to the temperature rise. Any thermal losses

were assumed to be small and were neglected. The corrected

curve is also shown in Fig. 10B (black squares), and it is

seen to be more curved than the uncorrected one. The plot

for 10 A charging would have a smaller correction, because

the temperature rise was only 38C, but it is apparent that the

corrected plots for 25 A and 10 A charging do not compare.

The correction for the loss of charging current to heat does

not have a counterpart for discharging, since the discharge

reaction itself is providing the energy.

The difference between the inductance profiles for char-

ging at 10 A and 25 A might, at first thought, be explained in

terms of the reaction occurring closer to the electrode sur-

face at the higher current. However, the inductance profiles

for charging are similar at all the frequencies employed

(Figs. 8B and 9B) and, as we have already stated, the

charging reaction is expected to be more uniformly distrib-

uted throughout the electrode than the discharge reaction.

Fig. 9. (A) A comparison of the shape of the inductance profiles (10 kHz) of the cycles 9 and 110 of a 6TL battery, plotted against the total absolute

charge passed. The scales have been adjusted to the same capacity; (B) A comparison of the inductance profiles, at 3 and 10 kHz, for cycle 125 of a 6TL

battery.
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The reduction of PbSO4 to Pb proceeds via dissolution of

PbSO4 and electrochemical reduction of the Pb2þ ions at the

lead grid interface.

PbSO4 þ 2Hþ ! Pb2þ þ H2SO4

Pb2þ þ 2e� ! Pb

The charging reaction is known to begin at the grid/active

material interface [10]. The reaction rate depends upon the

real area of the interface between the PbSO4 crystals and the

lead grid, and it has been shown that larger crystals con-

tribute less to the overall current because of their smaller

reaction site area per unit volume [11]. Given the high

transference rate of hydrogen ions and the high exchange

current density at the grid interface, the rate-determining

step is the dissolution of PbSO4. Therefore, the recharging

reaction should proceed uniformly throughout the porous

electrode. The smaller frequency dependence of the shape of

the charging inductance profile supports this behaviour. The

largest PbSO4 crystals will be the last to be fully reduced.

The crystals are believed to react from the outside surfaces

inwards, with the PbSO4/Pb-grid interface being the last part

to be reduced [11]. In this sense, one would expect a larger

increase in current flux near the end of charging, when the

interface with these large crystals becomes fully conducting.

Such behaviour can be seen in Fig. 10A for 25 A charging.

However, a very different inductance profile is observed for

charging at 10 A, which is almost linear. In order to explain

this change, we suggest that the lower charging rate has

affected the equilibrium of the reaction such that the dis-

solution rate of PbSO4 in the larger crystals is now relatively

faster. Electrolyte exchange is required in the PbSO4/Pb

interfacial region and such exchange will be slower for the

larger crystals because the reaction front propagates inside

Fig. 10. (A) A comparison of the inductance profiles (10 kHz) for a cycle using 9 A discharging and 25 A/14.4 V/14 h charging, followed by one using 10 A

charging; (B) The same 25 A profile as in A, showing the correction for loss of charge to heat during charging.
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the crystals. Therefore, these large crystals will have a

higher local concentration of H2SO4. Because PbSO4

becomes less soluble as the concentration of acid increases,

reaction is slower for the larger crystals. It is possible that

reducing the charging current to 10 A is sufficient to allow

the local concentration of acid in the large crystals to fall and

allow the dissolution rate of the PbSO4 to increase close to

that of the smaller crystals. Further work is being carried out

in order to investigate this possibility.

3.8. State-of-charge monitoring throughout the cycle life

Returning to the question of using inductance to monitor

the SOC of a battery, Fig. 11 compares the inductance plots

at 10 kHz for the cycles 17, 76 and 147 of the same 6TL

battery. The inductance plot for discharging was still almost

linear for the cycle 17 and the background was still

increasing. Although the background signal varied signifi-

cantly during the cycle life, the inductance change during a

given discharge was fairly constant but tended to fall in

magnitude with battery aging. For example, let us take the

ratio of (inductance change)/(capacity) for the discharge of

the cycle 17 and normalise this to 1.0. Then the ratios

compare as 1.00:0.91:0.65 for the cycles 17, 76 and 147,

respectively. Therefore, the magnitude of the change in

eddy current flux decreases, for the same discharge rate, as

the battery ages. This is not unreasonable because degrada-

tion of the active material, in particular islands of lead and

passive lead sulphate, will lead to an increased resistance to

the eddy currents. Eddy currents can be expected to be

affected more by electrode degradation than the discharge

capacity is, because of the long current paths of the eddy

currents in comparison with the maximum possible dis-

tance between the grid and the active material. Fig. 11

shows that the long-term accuracy of these inductance

measurements is only acceptable if periodic recalibration

is carried out.

4. Conclusions

Measurement of the inductance of wire-wound coils,

using ac current in the frequency range of 1–40 kHz, was

found to have great potential for non-intrusively monitoring

the SOC of lead-acid batteries. The battery–coil combina-

tion needs to be calibrated by performing complete dis-

charge cycles and the inductance signal needs to be

corrected for temperature variations within the battery.

The signal from fresh batteries tends to drift upwards during

the first 20–30 cycles while the negative electrodes restruc-

ture. The inductance profile for discharging changed in

shape at the same time, so the whole of the inductance

profile is needed for SOC estimation. There is a hysteresis in

the inductance profiles for charging and discharging, so

separate calibration curves are needed to follow charging.

The inductance signal needs to be recalibrated approxi-

mately every 10 cycles in order to maintain accuracy. The

accuracy of the technique is estimated at �10% for ran-

domly measuring the SOC during 10 cycles following

calibration, falling to �7% if the inductance is known at

the beginning of the discharge in question. For cycles that

include significant undercharging these figures may increase

to �20 and �12%. This technique should be particularly

useful for monitoring the SOC of sealed or gelled-electrolyte

lead-acid batteries and for identifying the end-of-charge of

the negative electrode.

The use of different frequencies showed that discharging

was not uniform in the end plate, but was initially occurring

close to the inward facing electrode surface (facing the

positive electrode). Therefore, the observed signal is not

Fig. 11. Inductance profiles (10 kHz) for cycles at different stages of the 6TL battery life.
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likely to be the same as that obtained from the other

electrodes in the same cell, although this is not believed

to be a problem for determining the SOC. The inductance

profiles for charging indicated that reaction was uniform

with depth into the electrode, at different currents, but that

large crystals of lead sulphate are probably affecting the

shape of the inductance profile. The magnitude of the eddy

currents apparently decreases with long term cycling as the

negative electrode active material degrades, and at a faster

rate than the capacity.
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