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Abstract

The coup de fouet phenomenon (crack of the whip) is a dip in
the discharge voltage observable during the first minutes of the
discharge period of a lead acid battery, followed by a transient
recovery. This leads to the formation of an interim plateau
transforming later into a typical discharge curve characteristic
of a galvanic cell. The phenomenon was considered as a basis
for a state-of-health(SoH) assessment, where the depth of the
dip was used to measure the battery’'s SoH. However, the vali-
dation process showed the two variables lacked clear correlation,
mandating a revision of this approach. Therefore an attempt to
correlate certain aging processes to the behavior of the cell of
interest associated with the presence of the coup de fouet phe-
nomenon was attempted for a set of diverse lead-acid battery
designs. A set of estimators based on the coup de fouet was
devised and their relation to the aging processes was explored
and described. The research led to the conclusion that there
is a direct relation between the coup de fouet and sulfation.
This relation is best defined by A  Tpjateay — the time taken
between the voltage reaching the lowest point of the dip and
then reaching the highest observable plateau voltage.
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1 Introduction

Many systems require uninterruptible power. Diesel
generators are used to ensure the power supply in
the event of a lengthy grid failure. However, there
is a short period to cover before the diesel genera-
tors are up. For this purpose, an array of batteries
is attached to such systems, providing power during
shorter blackouts or during the generator start-up pe-
riod. Lead-acid batteries form the backbone of most
such systems due to features such as: low cost, ease of
use, resistance to overcharging and ease of linking the
batteries in a string due to their relatively high volt-
age being in the 2.2-2.3V range [1]. The basic design

of many of these systems has remained remarkably
unchanged for many years. Despite minor upgrades
in terms of monitoring the temperature and voltage
of the battery strings, little progress has been made
toward introducing full battery management systems.
Since both manufacturers and users alike are usually
resistant to making changes to well-known and ex-
tensively tested design solutions, developments in the
realm of battery diagnostics tend to be sidelined.

During their lifetime lead-acid batteries suffer capac-
ity loss due to multiple aging processes and it is de-
sirable to have a better understanding of the factors
related to these processes. The state of health (SoH)
of the battery is an arbitrary measure of how the
battery is worn in comparison to its nominal state.
For the best operational performance this parameter
should be monitored during the whole period of bat-
tery usage, to ensure no malfunction when the system
is engaged. It should be noted that the SoH of lead-
acid batteries is a non-unified measure of the degree
of wear of a battery. This contrasts starkly with the
SoH used for Li-lon batteries, which is clearly defined
with IEC norms [2]. Many battery manufacturers and
battery testing laboratories develop their own ways
of measuring the SoH parameter, integrating multiple
variables and measurement techniques. Moreover, at
the current state of knowledge, estimation of the SoH
in lead-acid batteries is a difficult task without per-
forming offline checks. Laboratories offer a variety of
tests and procedures to properly estimate a battery’s
SoH, but most of these solutions would not be appli-
cable in field applications. Thus the development of
new methods that can be used to roughly estimate a
battery’s SoH based on simple tests is desired. Such
methods usually include estimations based on mea-
surements of the battery’s OCV and density of the
electrolyte, among others. Since such methods are
inaccurate in describing possible aging, more complex
methods were devised. Some of them include esti-
mation of the battery’s internal resistance, derived
from the response of the battery to a single-frequency
square signal to its terminals. More complex methods
are under consideration or in use in industry, includ-
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ing exploration of mechanisms occurring during aging
and devising estimators based on them to calculate
the SoH.

The coup de fouet effect has been used as a basis for
SoH estimation for various proposed systems [3][4]. It
was also used as a basis for several successful patents
such as [5] [6] [7] which describe how to assess aging.
Nevertheless, it is important to reassert the viability
of this phenomenon and to try to relate it to specific
aging processes.

2 Theory

There are numerous aging processes in the lead-acid
battery that can occur during its lifetime, such as ca-
pacity loss caused by either sulfation or corrosion of
the positive plate, internal mechanical microdamage
and loss of electrolyte. All of these processes can
impact the SoH. Moreover, various methods of SoH
estimation can better expose the severity of certain
forms of aging. For most basic purposes SoH can be
equated to the relative fraction of nominal capacity,
which in most cases does not show the possible ex-
tent of cell aging. However, this method is mostly
insufficient for the purpose of predicting immediate
battery failures. The complex nature of aging pro-
cesses is not properly reflected by capacity loss — as
this method does not differentiate which part of the
capacity has been irreversibly and reversibly lost. The
diagnostic procedure does not provide any information
about the state of the electrolyte and the plates, lim-
iting the prediction ability regarding possible failure of
the battery. It should also be noted that registered
capacity is affected by the value of the discharge cur-
rent — the larger the current, the smaller amount of
charge can be drawn from the battery. Thus, it is im-
perative to develop more complex methods to more
accurately assess the risk of battery failure under op-
erational conditions.

Another problem encountered during SoH estimation
using the capacity method is the need to discon-
nect the battery string from the emergency system.
This increases the risk of system failure during the
time the battery string is disconnected. Also with this
procedure, the emergency system might not be run-
ning at full capacity for up to a few days. Thus there
is a need to develop techniques that can be either
applied on site or applied in situ on the batteries to
prevent such problems.

2.1 Coup de fouet

During the battery's charge/discharge it is possible
to observe an effect termed coup de fouet, meaning

crack of the whip [3][4][8][9] [10] [11]. After applying
charge or discharge to the battery, a bump or dip
can be observed on the voltage curve (Fig.1) before
the voltage stabilizes into a plateau and the battery
discharges with its normal discharge characteristics.
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Figure 1: Methods of SoC determination of lead acid
battery. Example of coup de fouet registered during
discharge.

Coup de fouet has been investigated many times to
determine which electrode processes in the lead-acid
batteries it corresponds to [12][13][14][15]. The most
common theory ties the effect to the limited speed
of reaction of the dissolution of lead from the neg-
ative electrode into the electrolyte and to its satu-
ration with Pb?* ions prior to the initial nucleation
of PbSOy crystals [12][13][16]. A number of research
publications point out that the appearance of the dip
in voltage, one of the elements of the coup de fouet
phenomenon, is not tied exclusively to the behavior of
the negative plate, but also with the processes occur-
ring at the positive plate [13]. In the paper [15] these
mechanisms are only assumed, not explained reliably.
Some researchers even note that the commonly ac-
cepted explanations of the coup de fouet mechanism
might not be correct [14]. Finally, it can be concluded
that the current state of knowledge does not supply
a solid explanation of the nature of the coup de fouet
phenomenon and further exploration is still required.
However, for a new battery from a freshly manufac-
tured batch, this phenomenon is troublesome, as it
reaches a significant and observable magnitude ex-
clusively when the battery ages. A reasonable ap-
proach to investigating this effect in isolation would
center on preparing specially modified battery designs.
That said, due to uncertainty as to the conditions that
cause the coup de fouet to appear, it is very hard to
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condition batteries to isolate it as a part of the aging
process.

To properly describe the coup de fouet effect, sev-
eral parameters characterizing it have to be taken
into consideration. The first is the depth of the
dip/bump [4] — the difference between the voltage at
which discharge/charge starts and the lowest/highest
registered voltage before reaching the plateau. The
other parameter to consider is the difference between
the lowest/highest dip/bump voltage and the plateau
voltage — highest/lowest voltage registered when the
charge/discharge voltage reached the plateau. The
last one is the time interval between registering the
lowest point (middle) of the dip and achieving the
highest voltage value of the plateau.

2.2 Battery types and construction

Two main types of batteries can be categorized by
their construction [8][11]: the flooded design and
the suspended electrolyte design. Both designs have
derivative variants. Flooded batteries can be sepa-
rated into classical and maintenance-free batteries.
For suspended electrolyte designs, the variants are
AGM (absorbant glass mat), gel, hybrid and silicone
(in situ hydrolyzed silica gel). Suspended electrolyte
batteries are often referred to as VRLA — valve regu-
lated lead acid — due to their specific sealed design.
Manufacturers claim that the main difference between
them relates mostly to their cost (for the average
user), but in reality the battery construction affects
its longevity and resistance to aging.

The flooded battery design[8][11] is derived from the
original Plante design [17] — based on two electrodes
(lead and lead oxide in the form of plates) submerged
in a sulfuric acid solution with a separator in between.
An evolution of that design uses lead paste suspended
on a lead grid as the plates. The electrolyte is in lig-
uid form, meaning this battery design has an oper-
ational hazard of spillage and therefore can only be
used in applications which mitigate this risk. The
typical flooded battery design features a removable
cap (or caps) so that the water lost through evapora-
tion and electrochemical decomposition can be replen-
ished. Maintenance-free battery designs compensate
for these losses through an excessive supply of liquid
electrolyte, but there is no way to replenish the water
lost due to evaporation or due to “gassing” (hydro-
gen evolution). An important factor in MF design is
the plate itself — where the composition of the elec-
trode paste as well as the alloy that makes up the grid
matters. It is specially tailored to reduce gassing and
minimize water loss to prevent increase in the acid's
concentration.

AGM and gel battery designs [8][11] are more ad-
vanced — electrolyte immobilization prevents the elec-
trolyte from spilling due to tilting of the battery. The
sealed design of the batteries seeks to prevent elec-
trolyte loss due to gassing by recombining the re-
leased oxygen and, sometimes, hydrogen inside the
case. This ensures that excess gas is reverse con-
verted into water, maintaining the immobilized liquid
inside the battery at virtually constant levels.

Recombination occurs in two possible ways — chemi-
cal/electrochemical and catalytic. The first of these
two mechanisms is known as the oxygen cycle [18].
It occurs at the negative plate, toward which the
gaseous oxygen liberated at the positive plate mi-
grates through the pores of the electrodes separator
that are not fully saturated with the electrolyte. There
are disagreements in the literature about whether the
process is predominantly chemical or electrochemical
in nature. As regards the chemical process, the fol-
lowing reaction scheme (Eq. 1 2 3) occurs:

2PbSO, + 4H' + 4™ +» 2Pb+ 2H,80, (1)

2PbSO4 + O3 + 2H2S04 — 2PbSO4 + 2H20 (2)

which when added together give:

Oz +4H " +4e™ — 2H50 (3)

Another possibility is attributed to the direct electro-
chemical reaction of gaseous oxygen with H ions and
electrons leading finally to the same reaction (Eq. 3).
It must be noted here that the oxygen cycle inhibits
gassing only to some extent, as hydrogen evolution
correlated with positive grid corrosion is still possible.

Therefore, in some modern VRLA designs noble metal
catalysts[19] were introduced in the headspace to as-
sist the recombination of hydrogen-oxygen back into
water. The presence of these catalysts changes the
overall dynamics of the oxygen cycle and lessens the
impact of battery overcharge during float operation.

If both of the above mechanisms fail, a build-up of
pressure due to abnormally rapid electrolyte decompo-
sition can be avoided by releasing excess gas through
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a system of valves, hence the term: Valve-regulated
lead-acid battery.

While the differences in battery design have no im-
pact on the battery's basic chemistry (the electrode
reactions remain the same), they have a huge impact
on aging processes. It has been observed that flooded
batteries with replenished electrolyte most often ex-
hibit differently behavior as regards SoH tracking than
maintenance-free and VRLA batteries. This is a di-
rect effect of replenishing the water in the system,
lowering the impact of capacity loss due to water loss
and in turn affecting acid concentration. So, when
discussing the progression of the aging process each
battery design has to be analyzed and discussed sep-
arately.

2.3 Aging

The aging processes that impact battery capac-
ity[1],[8] can be divided into those that are reversible
and those that are irreversible in nature [20]. Capacity
loss due to reversible aging processes can be regained
through special charging techniques and other ded-
icated procedures. With irreversible processes only
preventive countermeasures can extend the battery's
operational life. Therefore the ability to analyze those
processes and to differentiate between them is a vital
stepping stone in SoH assessment.

One reversible aging process is acid stratification[8]
— a non-uniform distribution of acid concentration in
the electrolyte due to gravity and the ohmic drop oc-
curring within the plate during high current opera-
tion of the battery, which causes lower local current
densities in distant (typically lower) parts of the elec-
trode plates. [21]. This effect can affect both flooded
and suspended electrolyte batteries. Over time the
acid concentration transitions from uniform to gradi-
ent distribution, with the most dilute solution on top.
This leads to higher acid concentrations at the bottom
due to incomplete charges/discharges. All of these
effects can eventually lead to uneven currents occur-
ring at the lead grid and promote corrosion where the
acid concentration is the highest.

Sulfation is another reversible process that has a large
impact on battery life[1][8][9]. This process occurs
during normal battery operation during the discharge
step, when crystals of PbSQO, are formed:

Pb+ PbO; + 2H;804 — 2PbSO, + 2H,0  (4)

Some of these crystals are rendered inert to the charge
reaction, forming deposits of trapped active material.

Currently, the state of knowledge lacks a full expla-
nation of the intrinsic mechanics related to this pro-
cess. However, it has been observed that certain addi-
tives to the electrode paste can affect these mechan-
ics and reduce the impact of the process [22]. If the
portions of capacity loss attributable to this process
were identified, charging strategies could be developed
to counteract sulfation. On the other hand keep-
ing a lower charging voltage ensures greater longevity
of the battery as sulfation is considered ‘reversible’,
while aging processes related to high cell voltages are
not. It should be noted that many laboratories [23]
have researched possible ‘desulfating regimes’ — charg-
ing strategies geared toward periodic freeing of the
electrode material from inert PbSO, crystals. These
strategies include higher charging voltages, impulses,
overlaying specific wave over the charging voltage.
Such strategies are risky in applications, as they can
cause damaged batteries to lose all capacity and go
completely dead.

Irreversible aging processes include, first and fore-
most, corrosion of the positive plate [8][11]. The lead
grid on which the electrode material is suspended can
corrode during the battery's lifetime, leading to loss
of structural integrity. It can also promote the shed-
ding of electrode material, which can finally result in
loss of capacity or battery failure. While the process
slowly occurs normally over time due to the presence
of an acidic environment, gassing and acid stratifica-
tion can hasten it. It should be noted that this process
can lead to an increase in volume in the PbO, plates,
due to the differences between the molar volume of
the PbO, compared to Pb. That process can lead to
perforation of the battery vessel, as expansion of the
material causes the vessel to break.

There is a group of aging processes in which the
water in the electrolyte is broken down due to high
charging voltage, commonly referred to as “water
loss” [1][8][11]. It occurs in the lead acid battery when
the battery's charging voltage crosses threshold the
water's electrochemical stability (2.3V per cell in am-
bient conditions). Then kinetic hindrances preventing
water decomposition are not present and the process
can proceed. It should be noted that the materials
used to construct the grid can affect that value (high
antimony lead alloys decrease the water decomposi-
tion voltage). Two effects can be observed (i) “hy-
drogen evolution” in which Hy from the water splitting
is produced on the negative plate and (ii) the lead grid
on the positive plate is converted into PbO,. As with
positive grid corrosion, this process can lead to sim-
ilar effects in terms of damage to the grid and the
lead paste, and gassing in which gaseous Hj is simi-
larly produced on the negative plate while gaseous O,
is produced on the positive plate. As H, accumulation
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poses an explosion risk, the battery compartments
should be kept well ventilated. With flooded type
batteries, the water loss aging process be classified as
reversible since the water can be replenished.

Numerous SoH estimation techniques have sought to
accurately match the aforementioned processes to the
behavior of the charge/discharge curves. It is desir-
able to develop a diagnostic technique that can prop-
erly map the extent of each of these processes, but no
unified solution currently exists to do so. The search is
still ongoing for diagnostic techniques that can prop-
erly map at least one of these processes in on-line
applications.

This work provides new insight into the feasibility of
using the coup de fouet effect to determine the SoH.
The experiment explored possible relations between
the variables derived from the coup de fouet effect
and both capacity or cycle number . Cycle number as
one of the variables was chosen in this particular case,
because the interval between the cycles was constant.

3 Experiments

Figure 2: Qil bath setup for the first series of tests

The experiment was performed on several types of
batteries maintained in various buffering regimes. All
of the batteries studied were tested in a paired con-
figuration to ensure control of the reliability of the re-
sults. Measurements were taken at an interval of one
week, during which time the batteries were buffered
with voltages described below. The batteries used in
the tests were connected to the measuring equipment
through a custom-built junction box to ensure oper-
ational convenience. All of the tests were performed
using a Bio-Logic VMP3 potentionstat equipped with
a 20A booster.

Table 1: Battery pairs’ buffer regimes

Battery Float Regime

pair voltage [V]

| 13.800 Normal

I 13.350 With temperature
compensation

1 13.000 Sulfation regime

Figure 3: Oil bath setup for the second series of tests

In the second series of tests a set of three
types of batteries were used: VARTA YB4L-B
type flooded batteries, VARTA YTX5L — BS type
flooded maintenance-free batteries and Panasonic LC-
R123R4PG VRLA batteries. All of the batteries had a
nominal voltage of 12V. Both types of VARTA batter-
ies had a nominal capacity of 4Ah while the Panasonic
batteries had a nominal capacity of 3.4Ah . Batteries
were tested in pairs and both batteries in a particu-
lar pair originated from the same production lot. As
in the first experiment, the batteries were placed in
a heat-isolated oil bath, equipped with a thermostat
(Fig. 3). A temperature of 55°C was applied to all
of the batteries in this experiment to speed up the
deterioration process in the cells [24]. The batteries
were then discharged with C/1 current and charged
with C/10 current.

Due to other experiments being performed in parallel,
the charging and discharging strategy of the batter-
ies included a very specific trait. For each hour of
charge/discharge there was a 15 minute interval be-
fore the charging/discharging was resumed. This spe-
cific procedure did not affect the analyses reported,
as it was not present for the constant voltage stage of
the charging (the buffer charge in between cycling)

4 Results and discussion

Discharge curves were registered for all the batteries
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tested and their capacities were determined in order to
correlate the changes with the parameters character-
izing the character of the coup de fouet phenomenon
occurring in the batteries. Three groups of estimators
were set up based on complexity. They were used to
analyze the region in which the coup de fouet phe-
nomenon occurs and to find a relation between the
phenomenon and the aging of the batteries.

The first group of estimators was based on single vari-
ables derived from the characteristics of the coup de
fouet curve. The second group was a product of the
variables derived from the previously mentioned curve
qualities. And the third group was based on using in-
tegration to analyze the coup de fouet phenomenon.
These estimators were devised to adhere to standard
Sl units.

The research focused on comparing the estimators in
terms of the highest degree of correlation with ca-
pacity loss or time passed. The results are presented
below.

4.1 Analysis of single variable based es-
timators

The first set of estimators investigated includes these
based on one of the four variables that could be used
to describe the coup de fouet effect and in turn relates
to battery capacity [3][4].

The following estimators were considered:

Atgjp - the time between the start of the discharge
and reaching the point of the lowest voltage of the
dip.

AT gip - the voltage difference between the starting
voltage and the lowest voltage registered in the dip.

ATpjatean - the time between the point of the lowest
voltage in the dip and the final voltage stabilization
at the plateau.

AT piateau — the voltage difference between the lowest
registered dip voltage and the plateau voltage.

A simple observable relation between any of these es-

timators and battery capacity would be desirable for
the purpose of developing a simple method of SoH es-
timation, without needing to make additional mathe-
matical calculations. Alternatively, a relation between
the estimators and the cycle number or battery use
could be considered as a measurement of advance-
ment of aging processes.

The correlation of Atyj, with the capacity and cy-
cle number has no clear trend for any of the battery
types. Thus, the best explanation for such relation
is that the value of A1y, is related with the charging

regime/starting voltage of the measurement, not with
aging.

Atgiatean [8]
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Figure 4: Relation of A tpjatean vs capacity for VRLA
batteries charged in various regimes

For the VRLA batteries tested in various charging
regimes a trend was observed between the value
of the A Tpjateay estimator and observed capacity
(Fig. 4). However, the trend is not only clearly non-
linear in nature, but attempts to fit it with a logarith-
mic correlation have not proved effective, leading to
the conclusion that this relation is not useful for the
purpose of simple SoH estimation.

Atyiatean [5]
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2nd Pair 2nd Battery = 3rd Pair 1st Battery ———3rd Pair 2nd Battery

Figure 5: Relation of A tpjatean Vs cycle number for
VRLA batteries charged in various regimes

Atpreau[s]
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Figure 6: Relation of A tpjatean Vs cycle number for
three different types of batteries
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A downwards trend of A Tpjaean Vs. cycle number
can be observed for both the MF batteries and VRLA
batteries in Fig 5 and 6. Much clearer correlations
between A Tpjateay and cycle numbers can be seen
(compared to those between this estimator and ca-
pacity) in both experiments. The VRLA (Fig. 5) and
MF (Fig. 6) batteries show a linear trend of decreas-
ing A Tpiateay OVEr time, proving that the aging of
the battery is directly tied to the value of the esti-
mator. On the other hand, it should be noted that
for the VRLA batteries cycled in the sulfation regimes
the value of A Tpjarea in relation to the cycle num-
ber is very close to constant, as evidenced by Fig. 5.
It should also be mentioned that the spike in Fig. 6
for VRLA batteries should be attributed to the initial
‘formation’ of the plates during the first charge, not
to the changes in battery performance.

The best possible interpretation of these phenomena,
based on the current state of knowledge, is that the
decrease of the time between the dip and the plateau
is related to a higher number of active centers where
nucleation can take place. As sulfation progresses the
amount of lead(ll) sulfate crystals that can act as nu-
cleation centers for crystal growth increases and, thus,
the time needed for system equilibration and therefore
for reaching the plateau decreases. Due to the com-
plex nature of the effect it is impossible at this stage
of research to confirm this theory in full. It can be
stipulated that for various battery types their design-
related features can affect the studied phenomenon in
a significantly different manner. An innate theory can
also be formulated in relation to the above described
observation — the high value of A Tpjateay can be at-
tributed to the low number of nucleation centers. As
sulfation progresses the value of A Tp/azeay lowers un-
til it reaches a plateau observable in Fig. 5 for the 3"
battery pair. This observation can, therefore, lead
to two independent conclusions (and more explana-
tions): there is a limit to the number of nucleation
centers occurring at high sulfation and there is a limit
to the value of A Tpjateau - As for the sulfation regime
- A Tpjareau reaches its lowest possible value, so it is
possible to treat it as a reference point in studies of
the behavior of identical batteries cycled in different
conditions. Any values registered that are higher than
the said base are an indicator of nucleation originating
hindrances in the battery operation.

As with the case of the relation observed between ca-
pacity and A tg4j, , the value of the A T4, estimator
cannot be reasonably correlated with the decrease in
battery capacity.

Moreover, the relation of the capacity to the A
T piateau €stimator differs for batteries maintained in
various charging regimes (Fig. 7). For the charging

AUpisteau [V]

0.14
0.12

01 K
0.08

0.06
0.04
0.02

0

0 200 400 600 800 1000 1200 1400
Qp-Q[mAh]
=15t Pair 1st Battery == 1st Pair 2nd Battery =——2nd Pair 1st Battery
2nd Pair 2nd Battery 3rd Pair 1st Battery ———3rd Pair 2nd Battery

Figure 7: Relation of A Upjateau Vs capacity for VRLA
batteries charged in various regimes

AUppateau [V]
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n[cycle number]
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Figure 8: Relation of A Upjatean VS cycle number for
VRLA batteries charged in various regimes
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Second MF  ——First VRLA

Second VRLA

Figure 9: Relation of A Upjateay Vs cycle number for
three different types of batteries

regimes with and without temperature compensation,
the relation exhibits some degree of linearity. The
correlation is best for the regime without temperature
compensation. However, for the regime promoting
sulfation the value of A 7 pjateau does not exhibit
any correlation to the capacity decrease. Moreover,
for the other three battery types, there are no linear
trends observable. The relation of the A 7 pjazean €5-
timator versus cycle number exhibits (Fig. 8) better
correlation for the VRLA 1200mAh batteries, particu-
larly visible in regimes with and without temperature
compensation. For the MF batteries (Fig. 9) a similar
correlation between the estimator and cycle number
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can be observed. Based on these trends, similar con-
clusions to the ones presented for the A Tpjazeau can
be drawn as regards how the coup de fouet is affected
by the battery’s age.

Thus, in the course of this analysis it was determined
that a relation of the one-variable based estimators
of the coup de fouet effect - A Upjateas and A
Tplateau, Produce a reasonably solid trend showing a
decrease in their value as the battery ages. In turn, it
shows that capacity alone does not reflect the changes
present in the batteries due to aging, and usage of
these estimators might be a better approach in SoH
determination. It was also observed that exploration
of the coup de fouet effect for the SLI batteries pro-
duced no clear results compared to the other types
tested.

4.2 Two-variable based estimators — a
failed attempt

There were attempts at creating two-variable estima-
tors, but they have not proven able to describe the
coup de fouet phenomenon to a better degree than
the one-variable estimators. Furthermore, the devised
two-variable estimators do not have any physical sense
compared to the one- or three-variable estimators. It
was very hard to anchor them with known and observ-
able phenomena like nucleation, and thus they were
rejected for the purpose of this discussion.

4.3 Analysis of three-variable based es-
timators

Previous observations gave rise to the approach that
the intensity of the coup de fouet can be understood
as the energy needed to create initial nuclei of lead(ll)
sulfate. To calculate such energy, the first method
was devised - the A Tpjateay and A T pjarean Variables
had to be multiplied by each other and then by the
discharge current value (/) using a standard equation
for determining work of an electrical system:

Thus, after substitution of the variables:

Enucll = A[]plai&eau : Atplateau I

(6)

To study if inclusion of the initial part of the coup the
fouet in nucleation energy calculations (the one before

achieving the lowest point of the dip) has any impact
on the correlation between capacity/cycle number and
nucleation energy, a second method for E ¢ estima-
tion was devised. Calculating the energy using the
sum of A Tpjarean and A qjp multiplied by A T pratean
and the discharge current value ( /).

Enucll == A(]plateau : (Atplateau : Atdip) ‘ I (7)
So for both methods of calculating E ¢/ the following
relations can be studied:

Enucl = f(Q)

Enucl = f(ncycle) (9)

A comparison between these two methods should an-
swer whether the initial stages of coup de fouet, where
a reaction of dissolution of lead and lead oxide into the
electrolyte occurs, are important in nucleation energy
calculation. The outlined method, with better corre-
lation, should be an indicator of which of these two
approaches is correct.

For the VRLA batteries in the sulfation regime the
observed correlation between the E,,o estimator and
capacity was proven to be similar to that of A Tpareau
and A 7T piatea With a similar lack of linear correlation
between capacity and the value of E, g7 and E 2
for the sulfated battery pair. It was also determined
that there is only a minimal difference between the
first and second method in relation to battery capac-
ity and, thus, the first method can be used instead
for simplicity. For the experiment comparing the be-
havior of three different battery types, there are clear
observable linear correlations between the value of the
estimator and capacity for all three types studied.

For the VRLA batteries conditioned in various
regimes, the correlation between E o and cycle num-
ber shows trends (Fig. 10,11) similar to the correla-
tion between the A Tyaeas and the cycle estimator
number (Fig. 5). This is to be expected, as A Tpjatean
is a component of the E o estimator, as is evident in
Eq.6 and Eq.7. For the experiment involving various
types of batteries, only the VRLA and MF batteries
show some noticeable correlation between the said
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estimator and the cycle number, as is evidenced in
Fig. 12 and 13. MF batteries (Fig. 12) also exhibit
a trend similar to that of A Tpjrean (Fig. 6), in the
same way as the aforementioned VRLA batteries in
the regimes experiment do.

The estimator E,,¢ being a derivative of A Tppatean
and A 7T pjateau Shows similar trends to these variables.
However, it should be noted that using more than one
variable to construct the estimator causes an accumu-
lation of possible value uncertainties. Moreover, after
comparing both methods of E,, estimation it was
determined that the second one offers much better

Enucal!]

1 2 3 a4 6
n[cycle number]

e First SLI ===Second SLI == Second MF

e===First VRLA  ====Second VRLA == First MF

Figure 13: Relation of E,,> vs. cycle number for
three different types of batteries

correlation to the cycle number than the first.

4.4 Analysis of the applicability of the
current integration in calculation of
EnucI

It was therefore postulated that an even more refined
method could be used to calculate E,,y to ensure a
smaller margin of error. Instead of using three vari-
ables such as A 145, A Tpiateas and A T piatean to
approximate the value of a E, ¢ as in the case of the
estimators described earlier, a more complex method
was devised — based on integration of voltage.

To properly calculate the current-voltage integral, a
baseline time dependence must be estimated for the
same discharge curve. This estimated dependence is
to be free of any occurrence of coup de fouet or other
possible effects, reflecting a simple relation between
time and observable voltage of the battery. Later,
this dependence is used as an upper limit of the area
considered for integration.

Taking the simplest approach possible, it can be as-
sumed that in certain parts of the discharge curve,
the relation between the value of voltage and time is
linear:

Utheory =Up—at (10)

where o is a certain rate of discharge specific to the
battery type, the discharge current and the battery's
SoH.

However, in the registered discharge curves, one can
recognize effects observable within their initial part re-
lated to such phenomena as: reaction startups, initial
nucleation, polarization, among others. This causes
the relations between voltage and time, and voltage
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and charge to be non-linear in that area of the dis-
charge curve. To measure the said phenomena and
relate them to the values of the estimators studied,
one should apply integration.

to
EnuclB =1I- / (Utheory(t) - Ureal(t»dt (11)

tplateau

The result of integration can be interpreted as the
value related to the energy of nucleation and therefore
can be correlated with the intensity of the coup de
fouet occurring in the battery under investigation.

The discussed method of estimation of E, o3 shows
that this value can be correlated to both capac-
ity and cycle number in a manner similar to that
which was previously defined for the three-variable
based E,,; estimator. However, this method pro-
duces generally worse correlations than the three-
variable based estimator method. The deteriorated
quality of the integral base estimator appears to orig-
inate from a invalid assessment of the above men-
tioned baseline reference voltage-time dependence.
Therefore the origin of error for the integral method
may well come from a invalid estimation of the value
of Utheory - Enuciz estimators calculated, for the VRLA
batteries cycled under the sulfation regime, the lowest
values compared to the ones calculated for the other
types of batteries. This is similar to the previous con-
clusion as regards the other estimators discussed.

In the experiment involving three different types of
batteries, it was devised that the integration method
of calculating E o3 is only applicable to the VRLA
type as the other ones show poor correlation between
E a3 and the cycle number. Moreover, there is little
to no correlation between the estimated E, 3 and
capacity. The VRLA battery types exhibit a trend
similar to that observed in previous estimator studies
performed on those battery types. The trends ob-
served for the first MF battery shows similarity in be-
havior to the VRLA batteries, but due to the lack of
an observable trend of the second MF battery, it is
hard to determine if the behavior is identical.

4.5 Method comparison

In the above described methods, it was crucial to find
a simple linear relation to either time passed (cycle
numbers) or capacity to ensure their applicability in
SoH estimations. To find those correlations, the val-
ues of coefficient of determination (R?) were compiled
in the form of a table:

The criteria for suspected linear correlation were based
on the value of R? above 0.65. When analyzed graph-
ically, most of the estimators with such value of R?
exhibited a correlation that can be perceived as linear.
Such a low number was assumed to be the boundary
at which it can be assumed that the relation is lin-
ear. Correlating the values of R? which the obser-
vations are based upon, the graphic representations
of the relations show that in most cases the conclu-
sions were similar. However, for the sulfation regime
(where it was assumed that the values of estimators
reached the lowest plateau value) the value of R? was
very low, which could be very deceptive in terms of
recognizing the actual behavior of the correlation if
one relied only on the mathematical method.

After analyzing the behavior of all the estimators
studied in correlation with capacity and cycle num-
ber, it was determined that the best rate of correla-
tion was found between the Atpjares, estimator and
cycle number. The trend for the estimator showed
that during the battery's aging processes, the time
needed to reach the plateau voltage value after the
initial voltage dip steadily decreased over the course
of the experiments. This means that there is a cer-
tain intrinsic aging process to which this element of
coup de fouet effect is tied. It was also assessed that
the E, g1 and E, 2 estimators — the ones that are
a product of three variables (Eq. 6 and 7) and the
one that is calculated using integration (Eq. 11) are
also reliable in the estimation of battery deterioration
due to aging. It was also determined that the estima-
tors that are a product of three variables are slightly
better correlated to the cycle number than the ones
calculated by integration.

The observed relations between the estimators and
capacity showed that there is no observable trend for
the SLI and MF batteries. But for the VRLA bat-
teries charged in various regimes there were trends
that could be observed that are non-linear (closer to
logarithmic) and linear. It was also noticed that as
in the case of the sulfation regime, a plateau of the
estimator values was observed.

This behavior of correlation between the estimators
and cycle number could perhaps be explained with
the hypothesis that there is a finite number of PbSO4
nucleation sites that can be achieved in the battery.
As the battery ages, the progressing sulfation causes
the conditions in the battery to promote the creation
of more and more nucleation sites, and this continues
until it reaches values close to the plateau where the
battery has the maximum number of sites. Batteries
maintained under the sulfation buffer regime exhibit
trends in which the value of the estimator is close to
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constant. This is perhaps due to the fact that in these
regimes the maximum number of nucleation sites was
achieved fairly early on. And thus, further capacity
loss is owing to the progressing sulfation due to opti-
mal conditions for non-dissolvable PbSO,4 growth.

4.6 Exhibition of the coup de fouet ef-
fect and its relation to time
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Figure 14: Discharge curve with intervals
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Figure 15: Initial stages of discharge

To examine whether the coup de fouet effect can be
observed every time a charge or discharge current is
applied to the battery, the current was applied for 1
hour and followed with a 15 minute OCV interval.
This was repeated until the battery reached the volt-
age equal to that of the buffer voltage for charging
current, or equal to 10.08V for discharging current.
During the course of the analysis it was determined
that the coup de fouet can be observed only during
the initial stages of the discharge, as seen in Fig. 14
and Fig. 15. The effect can only be observed after the
battery has been connected to buffer voltage for a long
time and then discharged. Any other discharges that
follow the initial discharge do not include the coup
de fouet. This leads one to the conclusion that cer-

tain conditions need to be met. The leading factor in
making the coup de fouet effect appear seems to be
the time batteries spend in buffer regimes or discon-
nected. The short intervals that were applied during
the course of the discharge/charge experiment were
too short for the effect to re-exhibit. But the time
between the measurement cycles (1 week) was suffi-
cient for the battery to reach the state in which this
phenomenon can be observed.

Thus, the hypothesis can be made that long term
buffering or open circuit state of the battery causes
an equilibrium to form. In this state of equilibrium
the battery suffers aging processes dependent on the
buffer voltage or lack thereof. It is most likely that
this equilibrium is also related to how the nucleation
process of PbSO, progresses in such state, since sul-
fation is a natural aging process of the lead-acid bat-
tery. When the discharge current is engaged, that
equilibrium is disrupted and what we see as the coup
de fouet effect is the battery's shift from that equilib-
rium state to one associated with the discharge phase.
When the discharge/charge phase is over, time needs
to pass until an equilibrium comparable to that prior
to the charge/discharge phase is reached once again,
so that the coup de fouet effect can be observed again.

"Reverse" Coup de fouet

11.6 1
23000 53000

t[s]

28000 33000 38000 43000 48000

Figure 16: Reverse coup de fouet during charging

It is worth noting that as the battery ages, sulfation of
the batteries sets in, and the coup de fouet effect can
be observed during the battery's charging phase, as is
evidenced in Fig 16. To date, it has proved impossible
to put forward a conclusive theory on the nature of the
coup de fouet effect or to establish a way to observe
the effect in a repeatable manner.
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5 Conclusions

Reproduction of the coup de fouet effect in completely
controlled conditions has proved impossible. Hence, it
was impossible to fully separate the occurrence of the
said effect from the impact of other aging factors and
study it in isolation. However, by careful examination
of possible factors that cause the effect to occur, it
was possible to relate coup de fouet to the process of
sulfation.

Reported research has proven that although in short-
term applications coup de fouet cannot be reliably
used for SoH estimation, it can be fully exploited in
long-term applications such as quarterly check-ups of
batteries as a preliminary method to weed out sulfated
batteries.

Another factor to be considered is the degree of sul-
fation. As mentioned in the discussions above — the
more sulfated the battery is, the smaller the values are
of the estimators tied with the coup de fouet effect.
The initial findings described in [25] are confirmed by
the research presented in this paper.

The variables that can be used to describe the coup
de fouet were explored and their correlation to bat-
tery wear was tested. Analysis of the values of all
of the presented estimators lead to several observa-
tions as regards the changes in coup de fouet inten-
sity over time. The variable Atpjszes, exhibits vari-
ability with battery wear, decreasing in time until
it reaches a plateau. While the specific mechanism
for this behavior is unknown, several theories for this
phenomenon have been considered. It was deducted
that the most probable explanation for the behavior
of ATpjateay during the battery’'s lifetime is related to
the reactions occurring in the battery during the early
stages of the discharge phase, namely to the initial
nucleation of PbSOy4, as well as to the saturation of
the electrolyte with Pb?t ions. The mechanisms of
the initial dissolution of the lead and lead (IV) ox-
ide into the electrolyte, formation of the first lead (II)
sulfate nuclei and initial crystal growth result in the
voltage dip in the early stages of battery discharge.
As the battery ages, the values of Atpjteay decrease,
which suggests that due to the rise in the degree of
sulfation, little to no additional nucleation is needed
for additional crystals to occur. This leads to the
conclusion that possibly the estimator Atpjteay that
could be associated with determining the SoH is not
tied to overall battery wear but to a very specific
quality — the progression of sulfation. This obser-
vation is further supported by the determined value
of Atpiatean reaching its lowest observable value dur-
ing the sulfation promoting regime based experiment.
Analysis of the AT pjateau estimator showed that its

change over time is less pronounced than the one char-
acterized for the Atpjateay ; thus, it might not be as
useful as Atpjateay in determining the rate of aging of
the battery. It should be noted, as well, that the val-
ues of Atgj, and AT gjp estimators did not exhibit any
noticeable change during the experiment, and it was
determined that the depth of the coup de fouet effect
prior to the lowest point of the dip is not related to
aging of the battery. This runs contrary to the find-
ings presented in [3][4] which discuss how the value
of ATg4jp, should be used as a prime estimator in
determining the battery's remaining capacity and, by
proxy, its SoH. It could be that the estimator value
presented here was measured right after disengaging
the buffer voltage, causing a difference in how the
data was collected and leading to such discrepancies.

The Euc estimator, as the product
of  Atpiatean » AT piateau and  the discharge cur-
rent, was also reliable in terms of describing the aging
process. However, calculation of the value of E, g
using the integration method did not deliver any
improvement over the estimator based on the product
of the three said variables. This can be attributed
to estimation of the Uypeor, Over time trend, with a
degree of error due to inaccuracy of the algorithm
and to the not-fully-linear nature of the discharge
curve after the coup de fouet. A reliable algorithm to
properly estimate the said trend has to be developed
for the integration method to prove accurate in
long term application. It should also be noted here
that multiplication of estimators compound all the
possible errors that might have been encountered
when the values creating them were registered. Thus
the more complex the estimator is and the more
variables it embraces, the larger the degree of error.

Despite the fact all of the discussed estimators had
a very poor linear relation to the battery's capacity
changes, showing no visible trend whatsoever. It is
worth noticing, though, that for the VRLA batteries,
a trend that is close to logarithmic could be observed
for the estimators in their relation to capacity. But,
upon closer observation, it proved not to be logarith-
mic in nature. Moreover, the estimators related to
cycle number (which as previously mentioned, can be
assumed to be ‘time passed’) showed a good amount
of linearity. Thus, it is most like that the aging process
of sulfation is independent of the capacity changes,
and in turn can be related to the coup de fouet phe-
nomenon. In the discussion of the estimators, the
issue of active centers of nucleation was raised — per-
haps the coup de fouet effect is tied to a very specific
aspect of sulfation such as the amount of inert crys-
tals. And said are measured not by weight or volume,
but understood in terms of grain size distribution and
the size of the crystals’ facets surface (which in turn
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relates to the fraction of the initial battery capacity
‘trapped’ in them). Asit is currently difficult to assess
whether the large or small inert crystals have a big-
ger impact on the coup de fouet effect, further work
in this area is needed to determine the exact relation
between the inert crystal size and its effect on coup
de fouet. A series of tests with various sulfation and
desulfating regimes should be considered to observe if
the coup de fouet phenomenon depends on decrease
in the amount of inert PbSO, crystals. For example,
a regime that applies a buffer voltage of 2.16V/cell
can be used to deliberately sulfate the battery for a
period of one month (during which time data from
the battery were gathered) and can be later followed
by application of the desulfating procedure e.g. as
described in [23]. The latter would be applied in an at-
tempt to restore the capacity lost as a consequence of
the former. A buffering regime of 2.3V/cell (a normal
charging voltage without temperature compensation)
will then be applied to the battery and coup de fouet
data will be gathered for the purpose of comparison
with the period under sulfation. As was previously
mentioned, if the coup de fouet relates to the level of
sulfation of the battery, there should be a decrease in
the values of observed estimators, proving the valid-
ity of the hypothesis of the connection between both
phenomena.

It should be stressed that the methodology of mea-
surement of the observables used to determine the
value of the estimators was found to be sensitive to
electrochemical noise, as even small voltage changes
are meaningful. The methodology of measurement
of time and voltage requires equipment with a good
sampling rate (at least 10 samples per minute) and
importantly with high enough voltage resolution. And
while the former is easily achievable on modern sys-
tems, the latter might prove a bigger obstacle, as
most integrated circuits that measure voltage used
in equipment tend to have up to 14 bits analog to
digital conversion chipsets, while it was found that 20
bits are needed to provide reliable data for estimator
calculations. It should be stressed that, apart from
the ever-present noise, other errors in measurements
could also be a factor in producing poor quality read-
ings. Consideration should be given to integrating
a good algorithm in the measuring tool to filter out
these erroneous readings and minimize the impact of
these errors.

Identifying the middle of the plateau is not necessar-
ily straightforward, as it might not correspond to the
highest registered value of voltage after the dip. This
is a major obstacle to applicability of analysis using the
coup de fouet. As can be seen in Fig. 17, the possi-
ble registered interference can lead to a false positive
recognition. If applicable (as a mean of removal of
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Figure 17: Noise affecting estimation of the plateau
point

such) an array of simple mathematical methods, such
as finding the maximum value, can be applied to
the dataset. A more sophisticated algorithm has to be
used or filtering applied to eliminate any possible noise
registered in the measurement. A variety of methods
to remove registered noise should be considered, for
example the moving mean average.

It should be noted that none of the estimators proved
reliable for the SLI batteries, for any manner of ap-
plication. This might be related to water evaporation
and replenishment during the course of the experi-
ment, causing the electrolyte concentration to change
in a non-monotonic fashion. Replenishing the water
level changes the concentration of the Pb?* and S04
ions and most importantly the acid concentration, and
upsets the balance in the battery. As evidenced in [23],
the solubility of PbSQO4 in H2SO, is better, the lower
the acid concentration is. Moreover, lower concentra-
tion can be achieved through water replenishment and
aging processes. Thus, this process causes irregulari-
ties that disrupt the linear trend of the estimators, as a
new balance is established after water replenishment.
This affects any flooded batteries where there is re-
plenishment to offset “water loss”, ruling out coup de
fouet methods as a means of reliably monitoring SoH.

To conclude - the coup de fouet related estimators
cannot be used as a sole contributor to SoH esti-
mations. However, they could be used in conjunc-
tion with other methods to deliver a better analysis of
the extent of aging processes in the battery. As was
proven earlier, the method described earlier is good
at detecting sulfation, it should be used to estimate
how much of the capacity was lost due to it, isolating
its impact from the aging processes present. Other
methods should be used to estimate what other aging
processes impacted the battery's capacity. Moreover,
to complement the techniques presented in this paper,
sophisticated algorithms should be developed and suf-
ficient signal filtering applied to limit the possibility of
error in sulfation assessments.
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