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Short Communication

On-line monitoring of lead–acid batteries by galvanostatic
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Abstract

Measurements of charge-acceptance, internal resistance, voltage and self-discharge of a battery reflect its state-of-health (SOH). The
galvanostatic non-destructive technique (GNDT) can be used to monitor the SOH of a battery by analyzing its impedance parameters,
namely ohmic resistance, charge-transfer resistance and interfacial capacitance. In this technique, the battery is discharged galvanostatically
at a substantially low-rate over a short duration, wherein the state-of-charge (SOC) of the battery is not affected. It has been possible to
obtain charge-transfer resistance and double-layer capacitance values for both positive and negative plates of a commercial grade 6-V/4-Ah
valve-regulated lead–acid battery during its dynamic discharge. The resistive components of the battery are found to be minimum at
state-of-charge values between 0.2 and 0.9. The study shows that the optimum performance of the VRLA battery can be achieved at SOC
values between 0.2 and 0.9. The ohmic resistance of the battery displays a linear variation with logarithmic values of its SOC. The technique
provides an attractive tool for on-line monitoring of lead–acid batteries.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The state-of-charge (SOC) of a battery is reflected by the
electrical response associated with the battery’s resistance
where the application of a load causes the battery voltage to
drop instantaneously. This phenomenon has been targetted
by researchers for determining the resistance and, therefore,
is as an indicator of the discharged capacity of the battery.
Since the open-circuit voltage of a battery is a fixed quantity
and its discharge circuit is also not altered, it is quite obvi-
ous that the internal resistance of the battery will increase
with its depth-of-discharge along with its voltage on-charge.
Accordingly, if the discharge behaviour of the battery is
known a priori then its state-of-health (SOH) can be easily
estimated. It is noteworthy that with ageing of the battery,
the discharge capacity of the battery decreases owing to an
increase in its internal resistance. Accordingly, the SOH of
any sealed battery can be predicted from a knowledge of its
internal resistance[1].

At present, lead–acid is the most ubiquitous battery in the
global rechargeable battery market and, in terms of value,
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present world sales are about US$ 10 billion per annum[2].
The on-going electrification of automobiles makes a reliable
diagnostic necessary for the vehicle’s energy-storage units.
Since valve-regulated lead–acid (VRLA) batteries are ex-
pected to become important energy-storage technology for
near-term vehicles, monitoring and diagnostic algorithms
for these batteries are of great importance. Besides, with
the introduction of 36-V/42-V Powernets and the increase
of electrically-assisted features, e.g., idle-stop operation and
launch assistance, the importance of a suitable battery moni-
toring and management will increase even further. It has been
reported[3–33] that several methods are being employed to
monitor the SOH of various battery systems. As a part of our
ongoing research programme on battery monitoring[6–9],
we describe on-line monitoring of lead–acid batteries by a
galvanostatic non-destructive technique (GNDT)[34].

2. Experimental

A 6-V/4-Ah commercial grade VRLA battery was formed
by galvanostaic charge-discharge cycling. During formation
cycles, the battery was charged and discharged at the C/10
and the C/5 rate, respectively. Subsequent to formation, the
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GNDT was used to characterize, the battery at different SOC
values. The SOC value of the battery was taken as unity
in its fully-charged state and zero when the battery volt-
age was 1.75 V. The technique involves discharge of the test
cell at a substantially low-rate, namely C/150, over a pe-
riod of only about 50 s. The data were collected at intervals
of 10 ms over a total duration of 50 s using an AUTOLAB
PGSTAT30 (EcoChemie, Utrecht, The Netherlands). All ex-
periments were performed at 25(±1) ◦C. The data were
fitted and analyzed with the aid of Microcal Origin soft-
ware. Both the data-collection and analysis were repeated
at several SOC values of the test battery in order to ensure
reproducibility.

3. Galvanostatic non-destructive technique

GNDT is a technique to monitor the SOH of a battery
by analyzing its impedance parameters[34]. Since the dis-
charge current corresponding to the C/150 rate is restricted
to a duration of 50 s only, the SOC of the test battery can
be taken to be nearly invariant for all practical purposes.
Accordingly, it can be assumed that the charge-transfer pro-
cesses are the rate-determining steps for both the electrode
reactions. Since the electrode processes are not governed by
mass transfer, the Warburg components are not included in
the equivalent circuit[34,35]. Accordingly, the equivalent
circuit of the test cell under GNDT conditions is shown in
Fig. 1, where T1 and T2 are the cell terminals,RΩ is the
ohmic resistance,Rt,1 and Cd,1 are the charge-transfer re-
sistance and the interfacial capacitance, which includes the
double-layer capacitance and associated capacitive compo-
nents due to adsorption, passive films, etc., for one of the
electrodes, whileRt,2 andCd,2 are the charge-transfer resis-
tance and the interfacial capacitance for the other electrode.

Under GNDT conditions, the overpotentials are mainly
due to charge-transfer polarization at the two electrodes in
their respective linear polarization domain. Following the
convention chosen for the current due to an electrode reac-
tion (namely, cathodic current as positive), it follows thatη1
> 0 andη2 < 0 during discharge of the battery, whereη1 and
η2 refer to the overpotential at the anode and the cathode,
respectively. Accordingly, from Kirchoff’s voltage law:

Fig. 1. Equivalent circuit for test battery under GNDT conditions.

V r − V − η1 − IR� + η2 = 0 (1)

V r − V = η1 − η2 + IR� (2)

whereVr is the equilibrium voltage of the test cell;V is the
voltage of the cell during galvanostatic discharge;IRΩ is the
ohmic resistance of the cell.

When there is a change in galvanostatic discharge current
at timex, for a short duration ofy seconds,Eq. (2)becomes:

Vx − V = η′
1 − η′

2 + IR� (3)

whereVx is the voltage of the cell at timex.
In order to eliminateη′

1 andη′
2 in Eq. (3)and express them

in terms of the appropriate impedance parameters, Kirchoff’s
law may be applied to the two junctions ofRΩ with the
Rt,1–Cd,1 and Rt,2–Cd,2 branches, as shown inFig. 1. Ac-
cording to the sign convention adopted for the anodic (Ia)
and cathodic (Ic) currents, we have,
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and,
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IntegratingEq. (4)and solving forη′
1 gives:
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)
(6)

whereτ′
1 = Rt,1 · Cd,1

At time t = x+, i.e., immediately after change in galvano-
static current whereη′

1 = 0, K1 = IRt,1, Eq. (6)yields,
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Similarly,
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SubstitutingEqs. (7) and (8)in Eq. (3)yields:

Vx − V = IR� + IRt,1

[
1 − exp
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1
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+ IRt,2
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For a small current perturbation, the voltage response of
the test battery can be written asEq. (9) with reference
to the equivalent circuit shown inFig. 1, whereVx is the
voltage of the cell at time x,V is the voltage of the cell at a
particular time,I is the discharge current, andτ1 (=Rt,1Cd,1)
andτ2 (=Rt,2Cd,2) are the time constants of the associated
electrode processes. The exponential terms inEq. (9)are due
to charging of the electrical double-layers at the constituent
plates of the lead–acid battery with respective double-layer
capacitance values ofCd,1 and Cd,2. At time t > τ1 and
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Fig. 2. Typical charge–discharge curves at C/5 rate and 25◦C for 6-V/4-Ah lead–acid battery.

τ2, the capacitors are completely charged and therefore the
voltage drop is only due to resistive components[34,35],
namelyRt,1, Rt,2 andRΩ.

A solution ofEq. (9)provides the impedance parameters
of the cell. Since there are serious limitations in the direct
algebraic procedure to solveEq. (9), an alternative approach
is adapted by considering the time constants, namelyτ1
and τ2, to differ by an order of magnitude. The detailed
procedure is explained elsewhere[6–9].

4. Results and discussion

The lead–acid battery was found to attain its maximum
capacity within three charge-discharge cycles. Typical
charge–discharge curves at 25◦C at the C/5 rate are shown
in Fig. 2. The battery yields a Faradaic efficiency of about

Fig. 3. A typical lead–acid battery resistance transient at SOC= 0.9.

90%. A typical battery resistance transient at SOC= 0.9 for
50 s is shown inFig. 3. The voltage response is exponential
in accordance withEq. (9) and the data are fitted using
a Microcal Origin algorithm. The fit for the data shown
in Fig. 3 is given in the inset from which the impedance
data are obtained for the test battery at a particular SOC
value, wherey(0) corresponds to the ohmic resistance of the
battery,A(1) and A(2) are the charge-transfer resistances,
and t(1) andt(2) are the time constants for the constituent
plates.

The ohmic resistance for the battery at varying states-of-
charge is presented inFig. 4. The values increase monoton-
ically with decrease in SOC, and this is due to a decrease
in the active-material conductivity as it becomes converted
from PbO2 and Pb at positive and negative plates, respec-

Fig. 4. Ohmic resistance values as function of SOC for 6-V/4-Ah lead–acid
battery.
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Fig. 5. Charge-transfer resistance values as function of SOC for Pb|PbSO4

electrode of 6-V/4-Ah lead–acid battery.

Fig. 6. Charge-transfer resistance values as a function of SOC for
PbO2|PbSO4 electrode of 6-V/4-Ah lead–acid battery.

Fig. 7. Total internal resistance values as function of SOC for 6-V/4-Ah
lead–acid battery.

Fig. 8. Double-layer capacitance values as function of SOC for Pb|PbSO4

electrode of 6-V/4-Ah lead–acid battery.

Fig. 9. Double-layer capacitance values as function of SOC for
PbO2|PbSO4 electrode of 6-V/4-Ah lead–acid battery.

Fig. 10. Ohmic resistance values as function of log (SOC) for 6-V/4-Ah
lead–acid battery.
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Fig. 11. Effective capacity window of battery.

tively, to PbSO4. The charge-transfer resistance values for
the negative electrode as a function of its SOC are given in
Fig. 5. The increased charge-transfer resistance values ob-
tained near SOC= 1 could be due to a gas layer on the
electrode surface. The charge-transfer resistance values de-
crease towards SOC= 0.5 from SOC= 1, and increase
towards SOC= 0 from SOC= 0.5. The variation in the
charge-transfer resistance values as a function of SOC for the
positive plate is shown inFig. 6. There is gradual increase
in charge-transfer resistance values towards SOC= 0.2, and
the change in charge-transfer resistance is drastic towards
SOC= 0 from SOC= 0.2, which suggests that the battery
is limited by the positive plate. Also, the charge-transfer re-
sistance values of the positive plate are considerably higher
than those for the negative plate. This is because lead is a
better electrical conductor than PbO2. In both the plates, the
increase in charge-transfer resistance values towards SOC
= 0 is due to the conversion of both Pb and PbO2 to poorly

Fig. 12. Ohmic resistance values as function of SOC for 6-V/4-Ah lead–acid battery at increasing cycle-life.

conducting PbSO4. The total internal resistance values as a
function of SOC are shown inFig. 7.

The double-layer capacitance for the Pb and PbO2 plates
are presented inFigs. 8 and 9, respectively. The values for
the positive plates are higher by an order magnitude than
those for the negative plates. It is clear that the plates can
deliver high power at SOC values in between 0.9 and 0.2.
Also, from total internal resistance values, it is clear that
the cycle-life of the battery could be improved when it is
operated at SOC values between 0.9 and 0.2.

It is noteworthy that the ohmic resistance of the bat-
tery shows a linear variation with logarithmic values of its
SOC, which provides an attractive tool for online moni-
toring of lead–acid batteries as shown inFig. 10. The ef-
fective capacity window of a battery is shown inFig. 11
[36]. This technique supports monitoring batteries effec-
tively in this window. Ohmic resistance values as a function
of SOC at different cycles for the battery are also shown
in Fig. 12, from which the ageing parameter can be easily
predicted.

5. Conclusions

The data from the present study indicate that a marked
variation in the internal resistance of the VRLA battery oc-
curs in the SOC values between 0 and 0.2 as well as be-
tween 0.9 and 1.0. This suggests that the operation of the
battery in this range of SOC values may lead to deleterious
effects. The charge-transfer resistance values of the positive
(Rt,2) and negative (Rt,1) plates of the VRLA battery un-
der examination are found to be minimum over the SOC
range between 0.2 and 0.9. It would be therefore preferable
to limit the operation of VRLA batteries in this SOC range.
Since,Rt,1 is lower thanRt,2, it is suggested that the perfor-
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mance of the VRLA battery employed in this study can be
improved by electrocatalysis of the PbO2/PbSO4 reaction.
Variation in the interfacial capacitance of both positive and
negative plates with SOC values has also been monitored.
It has been found that the ohmic resistance of the battery
shows a linear variation with logarithmic values of its SOC,
which offers an attractive means for the on-line monitoring
of lead–acid batteries.
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