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bstract

The high-frequency resistance, RHF, or internal resistance, of 45 Ah flooded tubular lead-acid battery (LAB) cells was monitored during cycling
t constant rates between C/100 and C/10 in order to understand the origin of the RHF variations and to evaluate the feasibility of monitoring the
tate-of-charge (SOC) with this parameter. It is shown that the RHF variations did not depend on the electrolyte-conductivity variations, as usually
ndicated in the literature. At a low discharging rate (C/100), RHF increased only at low SOCs, with a high final value, while at a high rate (C/10)
HF increased progressively from the beginning of the discharge, with a low final value. This has been interpreted as the consequence of the shape
nd size of the PbSO4 crystals in the pores of the active material, which are the result of the continuous competition between crystal nucleation
nd crystal growth. RHF informs on the structure of the PbSO4 layer, and therefore, depends strongly on the history of the previous cyclings of the

ell. Monitoring the SOC from the single value of RHF was found to be impossible since, for different cycling rates, distinct values of SOC may
orrespond to the same value of RHF. Fluctuations of RHF were also measured at different SOC: they allow detection of gas evolution in the cell
nd could provide complementary information for estimating the SOC of LABs.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The need of a reliable real-time method for estimating the
tate of health (SOH) or state-of-charge (SOC) of lead-acid
atteries (LAB) has accompanied their development in the last
ecades [1,2]. Particularly, the possibility of using an electro-
hemical parameter as a reliable gauge for monitoring both the
OC and SOH has been the matter of several studies [3–7]. Nev-
rtheless, no definitive method has been undoubtedly validated
nd the quest of an accurate and easily implemented SOH and/or
OC indicator remains a subject of great interest [8]. Many stud-

es were based upon the electrochemical impedance technique
hat provides a complete description of the dynamic behaviour
f a metal–electrolyte interface from the low-frequency limit
steady state) to the purely resistive high-frequency limit. The

igh-frequency resistance, RHF, of a LAB cell (also called
nternal resistance and related to the conductance 1/RHF) has
een found to give distinct values for fully charged and fully
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ischarged LAB cells and was then proposed as a poten-
ially interesting parameter for SOC- and SOH-monitoring
9–11].

In the present work, the evolution of the high-frequency resis-
ance of a LAB cell of 45 Ah capacity has been investigated
uring the charge and discharge of the cell at various rates in
rder to determine the origin of the RHF variations and verify
he feasibility of SOC or SOH diagnosis based on the measure-

ent of the mean value of RHF and of a parameter characterizing
ts time fluctuations. The influence of the temperature and con-
uctivity of the bulk electrolyte on the RHF evolution is also
iscussed.

. Experimental

Tubular 2 V LAB cells of 45 Ah capacity from CEAC-
xide were studied in the present work. The electrochemical

mpedance measurements were performed using a white noise

s excitation signal. The overall LAB impedance was mea-
ured from the voltage, V, at the terminals of the cell and the
mpedances of the positive and negative plates were obtained
rom their potential, Vpos and Vneg, respectively, measured
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gainst a saturated mercurous sulphate reference electrode (ESS)
mmersed above the plates.

The real-time measurement of the high-frequency resistance
HF was possible thanks to a specific apparatus developed at the
PR15 CNRS that delivered a real-time analog signal propor-

ional to the RHF value. This signal was the system response to
single high-frequency (1.8 kHz) current perturbation defined

n preliminary impedance measurements so as to ensure that the
ell impedance was actually close to the RHF value during the
hole charge or discharge. The complete experimental set-up
as been described in Ref. [12] in which the RHF evolution with
he SOC was investigated for a 1200 Ah LAB cell charged and
ischarged at a single rate (C/120).

Several charge and discharge rates were employed under gal-
anostatic control by means of a galvanostat specially conceived
o deliver currents of high amplitude (up to 10 A), including in
he dynamic regime, which were necessary for cycling the cells
t high rates and measure small impedance values (in the range
f m�). All experiments were carried out at room temperature
ithout specific temperature control.

. Results and discussion

In a first set of experiments, the overall electrochemical
mpedance of the cell and the impedances of the negative
nd positive plates were measured in order to determine the
haracteristic frequency, FHF, at which the RHF value should
e measured. FHF corresponds to the frequency at which the
mpedance diagram in the Nyquist plot intercepts the real axis
t high frequency, as explained in Fig. 1 that shows that the
mpedance diagram of the cell strongly depends on the charging
Fig. 1A) or discharging (Fig. 1B) regime, except at high
requency. This indicates that the high-frequency resistance
HF measured at a given time, that is, at a given SOC, does
ot depend on the dc current at which it is measured. In Fig. 1,
he high values of RHF (7.5 m�) were due to bad connections
t the cell terminals, which is a measurement artefact often

ncountered with impedance values in the m� range. The
roblem was fixed by a proper choice of the connectors and
he impedance measurements were validated when the overall
mpedance of the cell was found to be equal to the sum of

v
e
a
w

ig. 1. Electrochemical impedance diagrams of the discharged 45 Ah LAB cell measu
frequencies in Hz).
urces 158 (2006) 1012–1018 1013

he impedances of the positive and negative plates at any
requency. Fig. 2 illustrates the results obtained for the positive
nd negative plates. A small difference appeared in the RHF
alues of the positive plate in fully charged or fully discharged
onditions, regardless the discharge rate. On the contrary, the
egative plate showed significant differences: compared to the
ully charged condition, the RHF value at the end of the discharge
ncreased by approximately 35% (from ≈2 m� to 2.7 m� at
/10) or 150% (from ≈2 m� to 5 m� at C/100). This indicates

hat the overall LAB behaviour was mostly controlled by the
egative plate, which was confirmed by the evolution profile of
he potentials V, Vpos, and Vneg depicted in Fig. 3. Indeed, the

and Vneg curves are quite “parallel”, showing that the general
attery performance was limited by the negative plate. In that
xperiment, the cell was fully discharged before delivering

capacity of 45 Ah because the previous charge was not
omplete.

The LAB cells have then been submitted to several cycles of
harge and discharge at different rates (C/10, C/20, C/65, and
/100). Table 1 summarizes the mean values obtained for RHF
nd FHF in the different conditions. It can be seen that both
arameters show increasing values when the cell is discharged
nd that the final values are higher for the slowest discharge
ates. In a first glance, this indicates that in addition to RHF, FHF
ould also be a parameter allowing the SOC or SOH diagnosis. It
s worth noticing, however, that the FHF values show a stronger
ispersion, illustrated in Table 1 by the high values of the relative
rror obtained, which seems to hinder the usefulness of this
arameter at least in the experimental conditions of this study,
n spite of promising results found by other authors [13].

As for the overall impedance and the cell potential, the RHF
nd FHF mean values were mostly controlled by the negative
lates, as seen in Tables 2 and 3 for the positive and negative
lates, respectively. It must be noticed that the sum of the RHF
alues of the positive and negative plates does not necessarily
orrespond to the RHF value of the cell because the three values
re not measured at the same frequency and also because the

alues given in Tables 2 and 3 are values averaged from several
xperiments on the LAB cells. Small and not monotonic vari-
tions of RHF and FHF were measured for the positive plates,
hile a clear increase of the values, similar to that in Table 1,

red at different charge (A) or discharge (B) rates: (a) C/100; (b) C/20; (c) C/10
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ig. 2. Electrochemical impedance diagrams of the positive (A) and negative (
ate; (b) fully discharged at a C/100 rate; (c) fully discharged at a C/10 rate (fre

as observed for the negative plates. Here again, a strong dis-
ersion of the FHF values seems to compromise the reliability
f this parameter as a SOC or SOH indicator. Subsequent mea-
urements were then limited to the real-time evolution of RHF
uring different charge and discharge cycles.

The fact that the FHF values increased during the cell dis-
harge was taking into account when the frequency of the current
xcitation employed in the real-time RHF-monitoring was cho-
en. The value retained (1.8 kHz) was close to that of FHF for the
ischarged cells but was slightly different of FHF in full-charge

onditions (see Table 1), which gave an error on the RHF value
stimated to be equal to 8% in that case.

The time evolution of RHF during discharges at different rates
epicted in Fig. 4 clearly depends on the discharge rate, while

v
fi
d
t

able 1
ean values and relative errors of RHF and FHF of 45 Ah LAB cells fully charged at

verall LAB Charged, C/10 Discharged, C/10 D

RHF〉 (m�) 2.50 3.42
rror (%) 11.2 8.5

FHF〉 (kHz) 0.52 0.91
rror (%) 32.7 34.1 2

able 2
ean values and relative errors of RHF,pos and FHF,pos of LAB-positive plates fully ch

ositive plate Charged, C/10 Discharged, C/10 D

RHF〉 (m�) 0.42 0.52
rror (%) 57.1 67.3 5

FHF〉 (Hz) 16.9 20.4 3
rror (%) 41.0 57.3 5

able 3
ean values and relative errors of RHF,neg and FHF,neg of LAB-negative plates fully c

egative plate Charged, C/10 Discharged, C/10 D

RHF〉 (m�) 1.93 2.71
rror (%) 9.8 12.5 1

FHF〉 (kHz) 1.15 1.29
rror (%) 48.7 37.2 3
tes of the 45 Ah LAB cell at different conditions: (a) fully charged at a C/100
ies in Hz).

HF did not depend on the dc current at which it was measured,
s shown above. The initial values of RHF show a certain scatter
ecause the previous charges had not been performed at the same
ate. At the first stage of the discharge there is a fast decrease of
HF (of small amplitude at the slowest discharge rate of C/100),

he explanation of which is not yet understood, followed by an
ncrease leading to different final values similar to those given
n Table 1. The shape of the curve, as well as the final RHF value,
s strongly dependent on the discharge rate, which seems to pre-
lude or seriously hinder a SOC-monitoring based on the single

alue of RHF, in applications in which the actual discharge pro-
les are prone to be irregular and unpredictable. Moreover, at low
ischarge rates most of the RHF change occurs in the last stage of
he discharge, as already observed for a 1200 Ah LAB cell dis-

a C/10 rate and fully discharged at different rates

ischarged, C/20 Discharged, C/65 Discharged, C/100

3.63 4.74 5.68
6.1 3.4 16.2

1.43 1.87 2.20
3.1 63.1 27.3

arged at a C/10 rate and fully discharged at different rates

ischarged, C/20 Discharged, C/65 Discharged, C/100

0.43 0.96 0.71
8.1 30.2 46.5

1.7 54.0 53.5
8.0 94.3 46.7

harged at a C/10 rate and fully discharged at different rates

ischarged, C/20 Discharged, C/65 Discharged, C/100

2.75 3.34 4.99
3.4 6.0 13.0

2.62 3.62 3.36
6.2 1.0 15.2
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Fig. 3. Evolution of the overall potential of the LAB cell, V, and of the negative
and positive plates, Vneg and Vpos, during a C/20 discharge. The potentials of the
positive and negative plates have been shifted vertically by 1 V.
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with the fact that the value of RHF remained unchanged when the
exhausted electrolyte of a fully discharged cell was replaced by
a fresh H2SO4 solution (density 1.24 g cm−3) and when the cell

Fig. 5. Evolution of RHF during a two-step discharge cycle (C/20 and C/100
after a 24 h rest).
ig. 4. Evolution of RHF during the discharge of the LAB cell at different dis-
harge rates.

harged at a C/120 rate [12]. The increase in the RHF values must
e ascribed to the progressive screening of the active material by
nsulating PbSO4 crystals. The fact that the size and shape of the
rystals depend on the discharge current explains the difference
n the curves presented in Fig. 4. Indeed, at high currents the
igher nucleation rate of PbSO4 nuclei leads to numerous and
mall PbSO4 crystals that block the pores of the active material
uicker, but less completely, than the well-structured crystals
ormed at low currents. This explains the faster increase of RHF
t C/10 and C/20 and the final low RHF value. At lower currents
C/65 and C/100), RHF changed slightly during almost 75% of
he discharge before increasing rapidly and strongly when the
ast accessible areas of active material became blocked by the
rowth of the well-structured crystals. This is corroborated by
he results presented in Fig. 5 that gives the V and RHF profiles
btained during a two-step discharge (C/20 followed by C/100
fter a 24 h rest delay). The two potential drops indicate the
nd of each discharge cycle. The final RHF value is lower than
hat obtained for a single-step C/100 discharge, showing that the

ctive material had been made unavailable in great part by the
apid growth of small crystals during the C/20 discharge.

It is also worth noticing that the RHF value was almost con-
tant during the 24 h rest, which is an indication that the RHF
urces 158 (2006) 1012–1018 1015

ariation cannot be explained by the increase in the electrolyte
esistivity in the pores of the electrodes since the 24 h rest should
e long enough to homogenize the electrolyte concentration. To
valuate the influence of the bulk-electrolyte resistivity, ρ, on
HF, a conductivity cell was immersed above the plates and ρ

as measured at different stages of a C/100 discharge. The com-
arative evolution of ρ and RHF, which was not continuously
easured in that experiment, is depicted in Fig. 6 that clearly

oints out the independence of the variations of RHF and ρ, which
ary in opposite directions during the discharge. The total charge
elivered was only 25 Ah because the cell had been accidentally
verdischarged during several hours. Despite an overcharge of
t least 40 Ah, the cell could not retrieve its nominal capacity of
5 Ah. The decrease in the ρ values during the discharge seems
o be related to the fact that the electrical conductivity of the
ulphuric acid is not monotonically dependent on its concen-
ration, reaching a maximum at about 30% of mass fraction; in
he fully charged condition, the acid mass fraction was proba-
ly higher than that corresponding to the maximum conductivity.
his reinforces the interpretation of the dependence of RHF upon

he formation of insulating PbSO4 crystals of different shape and
ize according to the charge/discharge profile, mainly on the neg-
tive plate according to Tables 2 and 3. This result is in agreement
Fig. 6. Evolution of RHF and ρ during a C/100 discharge.
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the negative and positive plates, it is difficult to know whether
hydrogen or oxygen bubbles were at the origin of the RHF fluctu-
ations: oxygen bubbles were produced on the positive electrode
during the last charge, and also, hydrogen bubbles evolved on
ig. 7. Evolution of RHF, V, and T during a combined charge at a rate of C/5,
/50, and C/100.

as refilled with the previously exhausted electrolyte. More-
ver, if the high value of RHF at the end of a C/100 discharge
as due to the bulk-electrolyte resistivity, the RHF values of the
ositive and negative plates, which include the contribution of
he bulk-electrolyte resistivity since the reference electrode was
ositioned above the plates, would have been close, which was
ot the case (Tables 2 and 3).

The electrolyte temperature, T, is another parameter poten-
ially related to the RHF values. Fig. 7 shows the concomitant
volution of V, RHF, and T measured above the plates of a LAB
ell during a combined C/5, C/50, and C/100 charge so as to
valuate the effect of the different rates on the electrolyte temper-
ture. At a strong charge rate (C/5), a net temperature increase
f about 6 ◦C was measured with a concomitant RHF decrease of
.5 m�, while at the low charge rates (C/50 and C/100), the elec-
rolyte temperature simply tracked the room temperature with
very slight influence on the RHF value. The relative variation
f the electrolyte resistivity �ρ/ρ between 20 ◦C and 30 ◦C is
bout 1.6% per degree [14], so that a net increase of 6 ◦C corre-
ponds to a decrease in RHF of 0.28 m� if RHF is supposed to be
roportional to ρ. This could let imagine a large influence of the
emperature on RHF. However, a thorough examination of Fig. 7
hows that in the periodic temperature oscillation observed dur-
ng the C/100-rate charge the RHF variations were not induced
y temperature variations. Indeed, between 56 Ah and 62 Ah
f charged capacity, the 0.86 ◦C decrease in temperature would
ead to a RHF increase of 31.6 ��, much higher than the 3.6 ��

easured. Fig. 8 shows the RHF profile during a C/20 and a C/57
harge. In spite of expected temperature differences between the
wo rates, the RHF values evolved in an almost “parallel” way,
hich confirms the minor effect of the electrolyte temperature
n the measured RHF values. The difference in the RHF values
3.4 m� and 4.0 m�) at the beginning of the charge is due to
he fact that the preceding discharges were not performed at the
ame rate. At both rates, RHF decreased rapidly at the beginning
f the charge because of the dissolution of the insulating
bSO4 crystals, then RHF remained almost constant before

ecreasing again at SOC higher than 80%, probably because
he strong increase in dissolved gas production enhanced
ubble ejection, hence decreasing the bubble screening
ffects.

F
L

ig. 8. Evolution of RHF during the charge of the LAB cell at C/20 and C/57
ates and evolution of V at a C/20 charge rate.

Although RHF was undoubtedly related to the SOC and also
robably to the SOH of LABs, the results presented above show
hat it cannot afford the reliability necessary to a straightfor-
ard on-line diagnosis of the actual SOC; depending on the
ischarge profile, a given RHF value can indicate different charge
evels, as shown in Fig. 4. Overcoming this limitation may be
ossible by monitoring also the fluctuations of potential and
lectrolyte resistance by means of electrochemical noise mea-
urements. Fig. 9 illustrates the typical behaviour of potential
uctuations, �V, measured at the LAB cell terminals at sev-
ral stages of a LAB discharge at C/100. For a clearer reading,
he linear potential drift due to the cell discharge was elimi-
ated in the time records. The potential noise at different SOC
alues does not reveal elementary transients that could provide
seful information on the discharge evolution. On the contrary,
he RHF fluctuations measured simultaneously in the same dis-
harge conditions show easily discernable transients which were
ess numerous as the discharge went on, as seen in Fig. 10. These
udden RHF decreases were induced by the detachment of gas
ubbles formed during the preceding charge. Due to the fact that
HF measurements encompass phenomena taking place both in
ig. 9. Potential fluctuations, �V, after linear trend removal measured at the
AB terminals at different SOC during a C/100 discharge.
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ig. 10. RHF fluctuations measured at different SOC during a C/100 discharge
imultaneously with the potential fluctuations shown in Fig. 9.

he negative electrode, which was overcharged before the posi-
ive electrode. The birth, growth, and departure of bubbles entail
ocal changes in their screening effects that induce fluctuations
n the electrolyte resistance around its mean value. This brings
p the idea that if gas bubbles are already present before the
nal stage of the charge, their increasing density as the cell is
harged would entail different noise signatures that could help
n the evaluation of the SOC. Fig. 11 illustrates the RHF fluctu-
tions at different stages of a LAB charge at a high rate (C/8).
t the beginning of the charge, when the LAB was still dis-

harged, the RHF signal was almost flat, even if some jumps of
mall amplitude (ca. 1 ��) could already be detected. As the
harge went on, the curves became noisier due to stronger bub-
le evolution on the plates, especially above a SOC of 20%. It is
nteresting to note that the amplitude of the sudden RHF decreases
emained almost constant (ca. 10 ��), indicating that the mean
ize of the detaching bubbles did not increase with the SOC,
ertainly because it was controlled by geometrical parameters
uch as the distance between the plates. After a 24 h rest, the RHF
uctuations measured at a zero current still showed sudden RHF
ecreases of high amplitude (ca. 5 ��). On the contrary, the bub-

le departure rate seemed to monotonically increase during the
harge. These results, although preliminary, offer an interesting
erspective to monitor the SOC or SOH by means of an electro-

Fig. 11. RHF fluctuations at different SOC during a C/8 charge.
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ig. 12. Power spectral density at 0.5 Hz of the RHF fluctuations measured at
ifferent SOC during a C/8 charge and presented in Fig. 11.

hemical noise-based parameter, like for instance the standard
eviation or the power spectral density (PSD) at a given fre-
uency of the RHF fluctuations, or the mean time between two
uccessive bubble departures during a few minutes of charge;
hen the SOC increases, the amount of gas produced during a
iven time increases, which could be detected by RHF fluctuation
easurements. As an example, Fig. 12 presents the amplitude

f the PSD of the RHF fluctuations shown in Fig. 11, calculated
t a frequency of 0.5 Hz. The increase in the intensity of the gas
volution with SOC and the decrease after a 24 h rest are clearly
onitored by the amplitude of the PSD.

. Conclusions

The high-frequency resistance of 45 Ah flooded tubular LAB
ells has been investigated with the aim of determining the origin
f its variations with the cell SOC and evaluating the possibility
f devising a reliable SOC indicator based on RHF measure-
ents.
While RHF is independent of the charging or discharging cur-

ent at the time it is measured, RHF clearly varies with the SOC
f the cell in a way that strongly depends on the charge or dis-
harge regime, indicating that RHF is a function of the history
f the previous charges and discharges of the cell. Accordingly,
he variations of the bulk-electrolyte conductivity, which is the
ommonly accepted explanation of the RHF variations, could not
xplain the RHF evolution with SOC in this work. The interpre-
ation of the RHF variations with SOC is based on the shape and
ize of the lead sulphate crystals deposited on the plates: at a
igh discharge rate, numerous small crystals partially block the
ores of the active material, inducing a progressive RHF increase
ince the beginning of the discharge with a relatively low final
alue of RHF. On the contrary, at a low discharge rate, well-
tructured crystals need time to completely block the pores with
he consequence to postpone the RHF increase in the last third
art of the discharge with a high final value of RHF.
The results presented in the present paper show that, in spite
f significant changes in the instantaneous RHF value of fully
harged and fully discharged LAB cells, this parameter is not
uitable for being employed alone as a reliable SOC-monitoring
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auge, because most of the RHF changes are concentrated at
he final stage of the charge/discharge and also because of the
trong dependence of the final RHF value on the charge/discharge
ate. However, coupling conventional RHF measurements to
he analysis of RHF fluctuations, which detect the occurrence
nd the intensity of gas evolution, seems to be an interesting
ay to gather deeper information on the SOC and SOH evolu-

ion.
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