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Abstract. A reliable diagnostics of lead-acid batteries would become mandatory
with the induction of an improved power net and the increase of electrically assisted
features in future automobiles. Sparse-impedance spectroscopic technique described
in this paper estimates the internal resistance of sealed automotive lead-acid batteries
in the frequency range 10 Hz-10 kHz, usualy produced by the alternatorsfitted in the
automobiles. The state-of-health of the battery could be monitored from itsinternal
resistance.
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1. Introduction

The state-of-charge® (SOC) of a battery is reflected by the dectrica response associated
with the battery’s resstance and inductance where the application of a load causes the
battery voltage to drop instantaneoudy. This phenomenon has been targeted by
ressarchers for determining the batery’s resistance, and therefore, as an indicator of its
discharged capacity. Since, open-circuit-voltage of a beattery is a fixed quantity and its
discharge circuit is dso not dtered, it is quite obvious that the internd resistance of the
battery increases with its depth-of-discharge dong with its voltage on-charge Accor-
dingly, if the discharge behaviour of the battery is known a priori then its state-of-hedth
can be easly edimated. It is noteworthy that with the aging of the battery, the discharge
capacity of the battery decreases owing to an increase in its internd resistance.
Accordingly, the state-of-hedth® (SOH) of any sedled batery can be predicted from a
knowledge of its internd resstance, which could be edimated from eectrochemica
impedance spectroscopy.

At present, the lead-acid battery is the most ubiquitous battery in the globd
rechargegble battery market and, in terms of vaue, the present world market for lead-acid
batteries is about US$ 10 billion per anum! The on-going dectrification of automobiles
makes a rdiable diagnostic necessary for the vehid€s energy dorage units Since seded
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aState-of -charge of abattery isthe fraction usually expressed as percentage of the full capacity of
the battery that is still available for further discharge

A measurement that reflects the state-of-health of abattery, taking into account its charge accep-
tance, internal resistance, voltage and self-discharge
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leed-acid batteries are supposed to become the most important battery storage technology
for the near-term future vehicles, monitoring and diagnogtic dgorithm for these batteries
ae of great importance. Beddes, with the induction of 36V/42V power net and the
increese of dectricaly-assisted features eg. idle/stop operation, launch assstance ec.,
the importance of a suitadble batery monitoring and management will increese even
further. In the literature, severd methods are employed to monitor the SOH of various
battery systems??° In this aticle, we describe online monitoring of seded automotive
leeckacid  batteries by  electrochemica  sparse-impedance  spectroscopy,?®  which s
believed to find gpplication in future automobiles.

2. Operating principle of sealed lead-acid batteries

The conventiond flooded-type lead-acid battery requires checking of the specific gravity
of the eectrolyte, periodic addition of water to maintain dectrolyte level aove the plates
and recharge soon after discharge to prevent hard sulphation that causes loss of capacity.
The emisson of acid fumes from these batteries causes corroson of metdlic parts in the
vicinity of the battery. Furthermore, seepage of acid on the top cover of the batteries
leads to leskage current resulting in incressed sdf-discharge and ground-shunt hazard. To
overcome these problems vaveregulated leed-acid (VRLA) or seded leed-add (SLA)
batteries based on a oxygen-recombination cyde have emerged. SLA bateries offer the
freedom of battery placement, cyclability without the need for addition of water or
checking the gpecific gravity, increesed safety and superior peformance in some
instances.

The electrochemical reactions taking place at the positive and negative electrodes of a
lead-acid battery are asfollows.

At the positive electrode:
PO, + HySO, + 2H" + 267 %{;e PoSO, + 2H,0,
(E° =169V vsSHE). (1)
At the negative dectrode:

Po+H, 50, JNA pgo, + oH* + 267, (E° =086 V VS SHE).  (2)
charge

Accordingly, the net cdll reactionisgiven by:

di scharge

PbO, + Pb + 2H,S0, 2PbSO, + 2H,0, (Eca =205 V). ©)

Thermodynamic stability of the dectrolyte requires that its lowest unoccupied state
have a higher energy than the highest occupied state of the reductant and its highest
occupied sate have a lower energy than the lowest unoccupied date of the oxidant
(figure 1)%" If either of these two conditions is violated, electrons may be transferred to
or from the dectrolyte to reduce or oxidise it. Theefore, the requirement for
thermodynamic stahility of the dectrolyte redricts the cdl voltage (Ece) to be aways
less than the thermodynamic window (Eg) of the electrolyte.
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Figurel. Reactionwindow for an agueous electrolyte electrochemical cell with
solid metallic reactants.
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Figure2. Potential of Pb/PbSO, and PbO,/PbSO, dectrodesunder equilibriumand
during gas evolution.

Both PbO, and Pb are themodynamicaly unstable in sulphuric acid solution. The
equilibrium potentia of PbO,/PbSO, couple is more anodic to O,/H,O couple by 06V
and the equilibrium potentiadl of Pb/PbSO, is more cathodic to Huo/H' couple by 086V as
shown in figure 2. Hence, even under open-circuit conditions, O, evolution at the PbO,
dectrode and H, evolution at the negative dectrode can occur according to the reactions,

PbO, + H,SO, ® PbSO, + H,O + 12 Q -, (4)
Pb+H,S0,® PbSO,+H,-. (5)

The rates of reactions (4) and (5) increese with acid concentration. Therefore, the lead-
acid cdl should not work in principle but in practice however the high O, and H,
overpotentids on PbO, and Pb endble the respective dectrodes to be charged before O,
and H, evolve a a subgtantid rate. In the lead-acid cdl, it is the poor kinetics at the
dectrode-dectrolyte interface that adlows a cdl voltage higher than the thermodynamic



468 B Hariprakash et al

window (Eg) of 123V between the lowest unoccupied molecular orbitd (LUMO) of the
Hu/H" redox energy and the highest occupied molecular orbitd (HOMO) of the O,/H,O
redox energy.2®

The pogtive dectrode in a lead-acid cdl accepts charge less efficiently than the
negative eectrode. Therefore, O, and H, ae evolved non-stoichiometricaly during the
recharge of a leed-acid battery with O, evolution occurring prior to H, evolution. The
oxygen evolved &t the positive eectrode is constantly reduced at the electrode as follows.

O, + 2Pb + 2H,S0, ® 2PbSO, + 2H,0. (6)
Thisfeatureisthe mainstay of the design of SLA batteries >

3. Sparse-impedance spectroscopy on sealed lead-acid batteries

The dectricdl behaviour of battery haf-cdl can be described usng the Randles
equivdent dircuit*?® shown in the figure 3a In this case, only one dectrode is modelled,
but gpart from different value for the parameters such as different time congdants, the
basc modd can be used for both the eectrodes. The eguivdent circuit in figure 3a shows
an ohmic ressgance (R;), which is due to the limited conductance of the contacts the
inter-cdl connections, the eectrodes and the dectrolyte, and depends on the SOC of the
battery, on its previous usage and on its age. The inductance (L) in figure 3a is manly
caused by the metdlic connection (top lead) between poles and the dectrodes of the
battery, and the charge stored in the interface between the eectrode and the dectrolyte is
modded by the doublelayer capacitance (Cq). The kinetics of the main reaection by the
norliner chagetransfer resstance (Ry), and findly diffuson is represented by the
complex Warburg impedance (Z,) in figure 3a.

In the frequency range between 1kHz and 10kHz, generdly, only the inductance (L)
and the internd resstance (R;) are important because the other dements of the equivaent
circuit have the double-layer capacitance in pardld, which is nearly idedly conducting in
this frequency range. This leads to the strongly smplified equivdent circuit depicted in
figure 3b. In this frequency range, the red part of the spectrum shows a noticesble

i o (b) |

Figure 3. (a) Equivalent circuit for a battery half-cell and (b) high-frequency
(® 1kHz) equivalent circuit of abattery.
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Figure4. Impedance spectraof a12 V/44Ah SLI battery at different depths-of-
discharge (DOD) at 27°C with frequency ranging between 10 Hzand 6 kHz (fter ref.
[4D).
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Figure5. Re(Z) asfunction of state-of-charge at 16 kHz (after ref. [4]).

dependence on the SOC of the battery as shown in figure 4. The spectra are shifted to the
right, i.e the red pat of the impedance, namdy Re(Z), becomes larger. Furthermore, the
sries resonance frequency, the frequency where the gpectra cross the abstissa, incresses
from 500 to 800Hz. For the determination of the ohmic internd resistance, the imaginary
part of the spectrum, namely 1,(2), can be easly used. The Re(Z) data in figure 4 can be
expressed as a function of SOC as shown in figure 5. The SOC dependence of the
internal resstance is not pronounced a high SOC leve, whereas for a nearly discharged
battery, the resstance increases rapidly. Although the internd resigance is mainly used
as an indicator for the battery’s cranking capability, the rapid incresse in Re(Z) can be
used as an indicator to protect the battery againgt deep discharge during driving. Indeed,
the data in figure 5 show that SOC below 30% is an easy indicator to estimate the SOH of
the battery.

During impulse charging, eg. cranking, the voltege drop a the non-linear residive
dement R with the capacitance in pardld follows with a remarkable time delay. Thus,
the voltage response during short-time current pesks, eg. cranking current, is dominated
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by the ohmic ressance (R). Theefore, a method to determine the ohmic resstance (R)
continuoudy during vehicular driving has been developed to messure smdl sgnd current
and voltage excitations a the batery terminds. These smdl sgnd ‘excitaions ae
dready avalable in every vehicles power supply system, and only passve measuring
devices, eg. current and voltage probes, are required.

An increese in the ohmic resstance of the battery is dso observed with battery ageing.
Poor SOH leads to an increased internd resisance (R). For a smple R messurement,
SOC and SOH deviations, which might affect the internd resstance, cannot be distin-
guished but since the cranking capability is influenced by the sum of these, a separdtion is
not actualy necessary.

The following eguations are employed in the basc dgorithm for the determination of a
battery’ sinternal resistance.

R=P/I2 ™
where
_ gé” , 0
P :9 @u(t).l(t)]dt+, T, ®
et %)
and
-, ééﬂ—. - 9
[ =¢ A ®-i®dt, T. C)
et 7]

In (7)—(9), R is the resstance, P is the time average vaue of the active power, 12 isthe
time average vdue of the square of the battery current, t refers to a particular time, T is
the total time, u(t) is the battery voltage a a paticular time, and i(t) is the battery current
a apaticular time.

The resstance is cdculaed by dividing the time average vadue of the active power by
the time average of the square of the battery current. Before cadculaing (8) and (9), the
current and voltage sgnds are band-pass filtered. The low-frequency components of the
sgnds are removed in order to stay in the frequency range for which the smplified
equivaent circuit can be used and very high frequencies have to be removed to Stay
within the limits of the sampling rate of the employed a/d converter. This messuring
principle alows continuous and cod-effective determination of the beattery’s internd
resistance over awide frequency range.

The employed current sensor is designed to work in its measuring range during normd
driving. The band-pass filtered voltage and current signds ae both transmitted via a
switched amplifir and a ‘sample and hold circuit to a/d converter of the micro-
controller. After a/d converson, the controller caculates the internd resistance according
to (7)—(9), and obtains its average vaue over the meesuring period. Furthermore, the
controller provides a communication inteface, which could send the latest vadue of the
battery’s interna resstance to the computing unit of the vehicles battery management
system responsible for interpretation of the measured resistance data. Figure 6 shows the
minimum cranking voltage as function of the messured smdl sgnd internd resistance
for the three saries connected 12V lead-acid baiteries. The data in figure 6 suggest that
by fixing the minimum cranking voltage, the battery can be protected againgt deep
discharge, which ameliorates the battery’s SOH.
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Figure6. Minimum voltage during cranking as function of the measured small
signal internal resistance at 27°C (after ref. [4]).

Conclusions

Electrochemicd sparse-impedance spectroscopy has been found to be an appropriate
technique for obtaining information about the SOH of seded automotive lead-acid
batteries. The technique facilitates the data collection on-board the vehide, and the
results are helpful in amdiorating the SOH of sedled automotive lead-acid batteries. It is
believed that the sparse-impedance spectroscopic technique will find application in future
automobiles to monitor the SOH of |lead-acid battery bank.
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