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INTRODUCTION

Electrochemical cells are used to store an amount of elec-
tric energy during a charging period and to release this en-
ergy at the appropriate time during a discharge period. Ifa
cellis charged by a current I, then, after a time ¢, a charge @
=1t has been transported through it. Energy is thereby ab-
sorbed in the cell since it exhibits a counter-electromotive
force (emf.) U, (Fig. 1a). The operation of electrochemical
cells is based on the transformation of material from one
chemical form into another and the amount of material
transformed is proportional to the charge @ following Fara-
day’s law (1). For completely reversible reactions, the same
charge @ will be delivered to the load (dc motor, resistor,
etc.) in Fig. 1b after a complete discharge. Since a cell also
generates an emf or terminal voltage Uy during discharge,
energy is released (1-8). For cells it is common to replace
the classic electric charge unit Coulomb (C) by the practical
unit ampere-hour (A-h). This unit represents the amount
of charge transported when a current of 1 A flows during 1
h and it is the equivalent of 3600 C. The capacity of a cell
obtained under nominal conditions of discharge, that is, for
a discharge time Ty and a constant current Iy is the nomi-
nal capacity Cy = Iy In. The nominal capacity is, depending
on the applications, obtained under specified conditions of
temperature, final value U, of Uy and discharge time 7.
As an example, for lead-acid starter batteries Ty = 10 h
with U, = 1.70 V/cell at 30°C (Deutsche Industrie Normen
DIN, Intern. Electrotechnical Committee IEC); for station-
ary batteries Ty = 10 h, U, = 1.75 V/cell at 20°C. The nom-
inal current Iy assigned to the nominal capacity follows
from Iy = Cnx/Tx. The rated capacity C, or n-hour capacity
fulfils the equation C, = I,, T\, wherein T, differs from 7.
Practice shows that Cy and C, are different, and this can
be attributed to diffusion limitations, pore clogging in the
plates of the lead-acid cell at high discharge rates, choice of
the final voltage U,,and parasitic parallel reactions. Other
cell chemistries show much less dependence of capacity on
discharge current. In general, if I, is larger than Iy one
will see that C, is smaller than Cy and vice versa. Since
electric charge cannot be created or annihilated this means
that part of the stored charge could not be accessed (I, > Ix)
or was recovered (I,, < Iy) from a previous charge-discharge
operation. Indeed, the practical Coulombic or A-h-efficiency
(charge withdrawn divided by charge necessary to restore
this charge) of a charge-discharge cycle can be as high as
95% to 98%, depending on the charging technique used (3,
6). The small loss is due to non-reversible reactions such
as hydrolysis of water in the electrolyte or loss of hydrogen
in the recombination cycle of nickel-cadmium cells. The ca-
pacity of a cell is also a function of temperature and number
of charge-discharge cycles. Figure 2 shows generic curves

(b)

Figure 1. (a) Charging of an electrochemical cell with a current
source I.; the counter-emf. is U, and power is absorbed. When the
cell is discharged (b) in an electric load (resistor, dc motor) with a
current I the emf. is Uy and power is delivered to the load.Generic
curves for the dependence of capacity on temperature for lead-acid
and nickel-cadmium batteries. The reference point is the nominal
capacity Cy at 20°C.
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Figure 2. Capacity of lead-acid and nickel-cadmium cells as a
function of temperature. The 100% level represents the nominal
capacity at 20°C.

for the capacity-temperature dependence of lead-acid and
nickel-cadmium cells. The actual shape of the curves is
strongly determined by cell construction. The capacity of
a cell also varies during its cycle life: Fig. 3 gives the ca-
pacity as a function of the number charge-discharge cycles
for a given depth of discharge (DOD) and fixed operating
temperature. During the first cycles capacity increases con-
tinuously due to “plate formation”, and a value above the
100% level is reached after a few cycles. Further cycling
produces a steadily falling curve until cell deterioration
becomes so important that the curve finally abruptly falls
and the end of life is attained. In practice the 85% level is
often chosen as the end-of-life criterion.

Primary electrochemical cells are useless after all their
electrode material is consumed by a complete discharge.
Some alkaline cells have been redesigned in order to per-
mit a limited number of recharges in combination with a
suitable charger, but their cycling performance depends
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Figure 3. Capacity of a cell as a function of the number of
discharge—charge cycles. The capacity initially rises above the
nominal capacity level of 100% and then steadily decreases un-
til at the end of the operational life a sudden fall occurs. When
the capacity falls below the 85% level the battery is considered to
be useless. For vented cells the curve also depends on depth-of-
discharge: the deeper discharges shorten cycle life considerably.
For VRLA cells the most important failure mechanism is due to
corrosion and lifetime is primarily determined by the float condi-
tions.

on the operating conditions during discharge. Secondary
cells can withstand a number of charge—discharge cycles
because the main electrochemical reactions are reversible.
The range of commercially available secondary cells is huge
because of the large area of applications. Cells can be com-
bined to form a “battery” in order to increase the out-
put voltage (series connection) or capacity (parallel con-
nection). Small secondary batteries are used on a large
scale in portable telephones, laptops, pocket lamps, etc.
Since these devices require a long operation time, batter-
ies with very high specific capacity are in favor (lithium-
ion, nickel-metal hydride). For starter applications (cars)
cheap moderate-power lead-acid batteries govern the mar-
ket. Nickel-cadmium cells are an alternative for electrical
vehicles because of their large specific energy content (2,
6). Heavy stationary lead-acid batteries are used in tele-
phone plants as a buffer between the power and telephone
grid. Very-high capacity batteries, applied for power peak
shaving in electric grids and that need a very high spe-
cific energy content, mostly use a particular chemistry (e.g.,
sodium-sulfur, redox vanadium).

BATTERY MODELS

The need for a battery measurement is related to the cell
or battery models developed by users and researchers. Cell
models can be classified as follows (9). Type (a) models,
mainly developed for research purposes, permit the un-
derstanding of physical, electrical, and chemical phenom-
ena governing the charge—discharge process in a cell or
plate. These models use computer simulations and com-
bine diffusion and mass transport equations, electric cir-
cuit equations, etc. The equation parameters are deter-
mined by matching the measurements with the model, in
combination with known experimental data such as the dif-
fusion constant, and acid conductivity law (10-14). Type (b)
models are used for the prediction of the stationary charge
and discharge behavior of cells or batteries (15) and they
mainly rely on the determination of electrical parameters.

Typically, the voltage—time discharge curve and the varia-
tion law of internal resistance during a discharge of a cell
represent examples of such models (16, 17). For lead-acid
cells the decrease of capacity with the discharge current is
an important phenomenon and this is handled by introduc-
ing in the model empirical laws, e.g. Peukert’s law (3—18).
For the description of the dynamic behavior of a cell or bat-
tery, especially for situations in which the discharge cur-
rent is very irregular as is the case for electric vehicles and
photovoltaic systems, the simple type (b) models are insuf-
ficient. For this purpose type (¢) models are derived from
the (b) models by extending the simple electrical models
with capacitors and resistors or charge restoration laws
(19-23) which permit to include time-dependent effects.

PURPOSE OF BATTERY TESTS

Battery measurements are necessary for the determina-
tion of the parameters in a type (a) models or the equiv-
alent electrical parameters in the type (b) and (c) models.
The industrial user of batteries, however, desires to replace
these extensive and expensive measurements with a sim-
ple test in order to specify whether the cell or battery meets
a specific criterion. The criterion to be tested depends on
the application to be considered. For example, for starter
batteries it is important that the internal resistance of the
battery is very low in order to obtain a sufficient emf at a
high discharge current during a short time, but the rated
capacity is irrelevant. In uninterrupted-power-supply ap-
plications the battery has to be able to bridge a minimum
period under a constant power load, and an almost com-
plete discharge is allowed. Monitoring of a battery consists
of a well-defined set of measurements performed over a
long period of time with the purpose to determine the long-
time behavior of cells and batteries in order to predict pre-
mature failures or cycle life. Most battery tests have been
developed for lead-acid cells because of their general use
in telecommunications plants and the specific problems en-
countered with this type of cells.

An important reason for performing a battery test is
the determination of its state-of-charge (SOC) without per-
forming a capacity test. The SOC is the percentage of the
actual charge stored in a battery with respect to the as-
signed n-hour capacity. For example, if a charge of 20 A-h
has been drawn from a nominal 100 A-h cell the SOC is
80%. A 100% SOC represents a fully charged battery but
does not necessarily mean that it is able to deliver its rated
capacity. The 100% SOC condition occurs in the case of bat-
teries permanently fed by a suitable constant voltage U;
and in parallel with a load (Fig. 4). In this float situation
one expects the battery to be able to deliver its rated ca-
pacity whenever the charger supply voltage is interrupted.
Aging or defective cells or wrong float voltages can, how-
ever, result in a reduced capacity.

The second reason for testing is to estimate the degree
of deterioration or aging or the state-of-health (SOH) of
the cells of a battery. In lead-acid batteries the aging phe-
nomenon is very complicated and especially batteries sub-
jected to irregular charge-discharge cycles (e.g., in photo-
voltaic systems, diurnal and seasonal variations of charge
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Figure 4. Float charging of a string of n cells in series: battery,
load, and charger are in parallel. The charger voltage Us is cho-
sen so that the battery can be floated permanently without fear
for harming it due to the float charge current Ir. The choice of Iy
depends on temperature and must assure a 100% state of charge.
The average cell voltage is U, = Us/n. If the supply voltage of the
charger is interrupted the battery supplies the load.

and temperature) are often aging in an unpredictable way
but their SOH can partly be determined by regular ca-
pacity tests. Cells deteriorate because of corrosion of the
positive plate grid or shedding of plate material. Shedding
is a consequence of the physical changes that occur in a
cell plate (volume changes, structural changes, electrolyte
transport, gassing) during a charge or discharge. Which
mechanism is the worst depends on the type of lead-acid
cell and the operating conditions. The classic open cell, in
which there exists a connection between the open air and
the space above the electrolyte, suffers the most from shed-
ding on the condition that the temperature is below 45°C.
Above this temperature the rate of the corrosion reactions
becomes very large and the plate grid rapidly deteriorates.
Low maintenance cells are classic cells equipped with vent
plugs in order to decrease or eliminate water consumption
(6, 7). Since 1990 there is a steady increase in the use of
sealed valve-regulated lead acid cells (VRLA) that are her-
metically closed. The internal pressure in a VRLA cell, con-
trolled by a valve, is higher than atmospheric pressure with
the purpose to reduce water consumption by enhancement
of the recombination reaction of oxygen and protons. Dur-
ing normal operation the valves release minute amounts
of gas but when overcharging occurs they act as a safety
mechanism and considerable amounts of gas can escape.

It is recommended for VRLA batteries to operate under
float charge, and the corresponding float current has to be
large enough to ensure 100% SOC for all cells of the battery.
As a result of the continuous charge current the internal
temperature is a couple of degrees above ambient, and this
stimulates plate corrosion.

The third reason for testing a battery is the hope that is
is possible to find premature signs of a future occurrence
of sudden death failures. This sudden death effect is due to
mechanical failures such as bending and shorting of plates,
breaks in the connecting road between the plates and the
connection posts, growth of crystallines between the two
plates (especially nickel-cadmium cells). These faults are,
however, the most difficult to predict by testing and manu-
facturers try to avoid them by a suitable production method
and by instructing the user about the best procedure for
operating the battery.

BATTERY OR CELL TESTS

Visual inspection

In contrast to maintenance free lead-acid cells and her-
metic cells of other chemistries, large open cells of the
Planté type are housed in glass containers, and thus it is
possible to obtain a visual indication of the state of the in-
dividual cells. The color of the plates depends on the SOC
and small white points on the negative plate show the ex-
istence lead sulfate due to bad floating conditions (2, 3).
Differences of the electrolyte levels between cells are sus-
pected. At the bottom of the container, too thick of a layer
of sludge indicates that the charge or discharge conditions
are too severe. Non-transparent vessels sometimes show a
deformed shape because of abnormal plate swelling. The
sound from knocking on the cells can be different depend-
ing on the quality of the cells. Although this visual inspec-
tion seems to be rather crude, when performed by an expe-
rienced technician this test can provide more information
than simple electrical measurements.

Temperature measurement

Ambient temperature influences the cell temperature and
thus the corrosion rate of the plates. Cell temperatures can
be measured at the outer side of the container or at the neg-
ative connector post for VRLAs. Temperature differences
between cells must be within 3°C in order to maintain a
full charge with the nominal float current. Especially in
badly designed battery rooms or enclosures the tempera-
ture of some cells (e.g., in the middle of a cluster) can be
much higher than the average, and this results in a re-
duced life time and an uneven float voltage distribution
over the cells. The temperature differences between cells
can sometimes be attributed to their specific position in a
room. For example, when a number of cells are near a win-
dow and in the sun, their temperature will be higher than
the temperatures of shaded cells. However, if temperature
is higher in some cells without physical reason, an internal
cell problem can be the cause.

Specific gravity tests

Inlead-acid cells the electrolyte, a mixture of water and sul-
furic acid, is an active agent in the cell reactions. The fully
charged positive plate consists of lead oxide (PbOs) with
its typical dark brown color, and the discharge causes this
material to be transformed into lead sulfate (PbSO,). The
fully charged negative plate contains sponge lead (gray)
which also transforms into PbSO4 during discharge (1-8).
The consequence of this transformation is that the elec-
trolyte becomes diluted since sulfate ions are consumed.
The quantity of sulfate ions consumed is proportional to
the charge transported through the cell and thus to DOD.
The density or specific gravity of the acid is therefore lin-
early related to the SOC of a lead-acid battery (3, 15). In
alkaline batteries the electrolyte only serves as a conduct-
ing medium and its density remains practically constant.

The density of the sulfuric acid can be determined with
a syringe hydrometer (Fig. 5) or by measuring the elec-
trolyte conductivity. The large amount of acid needed by
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Figure 5. The syringe hydrometer consists of a glass tube, a hy-
drometer float with engraved scale, and a rubber bulb. The bulb
is squeezed and the bottom part of the tube is inserted in the cell
electrolyte. Next, the electrolyte is sucked in the tube by releasing
the bulb and as a result the level in the tube will correspond with
the specific gravity of the electrolyte on the float scale.

the inexpensive syringe hydrometer can be reduced to a
few drops if an electronic hydrometer is used. For station-
ary cells the density (dimensionless) lies in the range 1.200
to 1.225. Starter batteries in cars show values above 1.24
because freezing resistance needs to be higher. Accurate
results from a density measurement are only obtained for
floating cells. In cycled cells diffusion hinders the immedi-
ate mixing of acid in the reservoir between the plates and
the diluted acid in the plate pores. Density measurements
are also falsified by a tendency of the electrolyte to stratify
in the container because of the uneven discharge current
distribution over the surface of the plates.

Potentiometric measurements

A potentiometric measurement is mainly used by re-
searchers in order to determine the potential of one elec-

trode with respect to a reference electrode in the elec-
trolyte. In this way the charge-discharge behavior of a sin-
gle electrode of the cell can be studied without influence
of the other electrode. This measurement is impossible in
commercial cells because of the small accessible space of
acid or their hermetic nature.

Voltage measurements

Open-circuit voltage and float voltage. The open-circuit
voltage E, of a battery is the terminal voltage when it is
disconnected from the load or charger. Since plate poten-
tials are related to the pH of the acid (15) by the equa-
tion Ey = 2.041 V — 0.1182 pH, there exist also a relation
with electrolyte density. This relation is for practical pur-
poses given in a linearized form: Ey = a + b x (density),
wherein the constants a and b are typically a = 0.93 V and
b =0.917 V. The measurement of E, is a substitute for the
electrolyte density test, and therefore it is a good indica-
tor for the condition of a stationary lead-acid battery. For
instance, too low a value of E, after a prolonged charge
indicates the possibility of a partial short that increases
the self-discharge rate (7). The open-circuit voltage gives,
however, only an average indication of acid density since
no stratification is taken into account. Diffusion effects in
the plates are negligible on condition the battery was at
rest for about 24 h before the test. If this is the case, E
tends to a rest voltage U, that is smaller than E,.

The average cell float voltage U, is equal to the charger
float voltage U; divided by the number of cells of the bat-
tery. Ifthe individual cell voltages Uy, Us,. . . differ too much
from U, a complete system check is necessary (6,7,24). For
vented lead-acid cells U, is about 2.23 V per cell and a
deviation of £50 mV is acceptable. Larger deviations can
be caused by (1) a not completely charged battery after a
discharge, (2) defective cells, and (3) a disturbance of the
charge-discharge balance due to unnoticed peaks in the
consumption that could not be delivered by the charger.
For VRLASs the allowable deviations are larger (£100 mV)
and increase at the end of life (7) due to drying out of the
plate paste.

Voltage discharge curves. Starting from a fully charged
battery a discharge with a constant current is performed
and the voltage-time relation recorded. Fig. 6a shows typ-
ical curves for different discharge currents I, for lead-acid
and nickel-cadmium cells. At the start of the discharge the
voltage drops relatively fast due to the discharge of the dou-
ble layer capacitor (3, 25) associated with the plates. After
these phase the voltage slowly drops during a long time
(plateau voltage). For fully charged lead-acid cells a phe-
nomenon called coup de fouet can occur at the start of the
discharge: the voltage initially dips to a minimum value
Un but recovers to the normal plateau voltage within 10
min [Fig. 6(c)]. This peculiarity is sometimes used as a ca-
pacity or SOH prediction test (26, 27). Beyond the knee
of the discharge curve, the voltage drops rapidly and the
discharge is ended at a given final voltage U,. It is often
advantageous to show the terminal voltage [Fig. 6(b)] as a
function of the transported charge @ = I4¢. As a matter of
fact, if all charge stored in the cells could be retrieved, the
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curves for different discharge currents should coincide and
end at the same capacity (e.g., C1o). This not the case for the
lead-acid battery due to the previously mentioned effects.
For all types of batteries we also have to take into account
the effect of internal resistance of the battery on its termi-
nal voltage. This resistance causes a voltage drop propor-
tional to I4. Otherwise, the internal resistance also tends to
increase during discharge, and this imposes a current de-

ey

Figure 6. Discharge curves for lead-acid and nickel-cadmium
cells with the discharge currents I3y <Iqo<Ig3 and Iq4 <Ig5 as a
parameter (a). Right from the flat part of the curves (plateau)
starts the “knee of discharge” beyond which the terminal volt-
age falls rapidly. In (b) the x axis is normalized and represents
the charge @ = I3t delivered to the load. The allowable final
voltage depends on the discharge current and it determines
the dashed line in (b). For a discharge in 10 h (I19) we obtain a
capacity Cy at the final discharge voltage U,. In the capacity
test the actual operating time Ty is measured at a current Ig;
if the terminal voltage U is larger than U, or Ty is larger than
the rated discharge time, the battery passes the test. In (c)
the coup de fouet phenomenon makes the lead-acid cell volt-
age drop to a low value Uy, at the start of the discharge. After
a few minutes the voltage recovers to the normal discharge
curve.

pendent allowable final voltage. True 100% discharge only
occurs when all chemically active material of the plates has
been transformed into the discharged state: this does not
necessarily correspond with the accepted final voltage. Es-
pecially for a lead-acid battery, limitation of U, to a lower
bound is necessary to prevent excessive wear of the cells.
Too deep of a discharge induces large volume changes in
the plates and favors the formation of a coarse sulfate that
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is difficult to reconvert during a charge. This effect is coun-
teracted in VRLAs and rolled-plate-type cells because of
the plate compression by the housing. Nickel-cadmium and
metal-hydride cells can sustain a deep discharge without
harm as long as the polarity of cells in a series chain is not
inverted (6).

Battery manufacturers determine voltage discharge
curves or discharge tables with the allowable final voltages,
and they permit the user to predict the rated capacity at
different discharge currents.

Capacity tests. A capacity test of a battery (6) is a dis-
charge test performed under a constant discharge current
14 until after a time Ty (in h) a final terminal voltage U,
is reached. If the resulting capacity I3 T4 (in A-h) is larger
than the rated capacity, the battery passes the test. The ca-
pacity discharge test does not require continuous voltage
data collecting; instead it suffices to stop discharge after
the trip level for U, is attained and to measure the corre-
sponding Ty. In particular, one can use specially developed
electronic loads for this test. The main disadvantage of this
test is that the battery is not able to deliver its rated ca-
pacity during and after the test until it is recharged. The
capacity test is expensive because it wears down the bat-
tery to some extend, it takes several hours, and the stored
energy is spoiled. The number of tests must therefore lim-
ited to one test every one or two years. Since the proba-
bility for a failure increases with time, the frequency of
testing may be higher after a few years of operation of the
battery. The full capacity test is sometimes replaced by a
partial discharge test in order to reduce the loss of system
reliability. In practice (28, 29) a 30% to 50% discharge is
required for obtaining meaningful diagnostic results. Par-
tial discharge in a floating system can be obtained by de-
creasing the charger voltage temporarily [e.g., to 46 V for a
nominal 48 V system, (30)]. The battery voltage U, at the
end T}, of the test [Fig. 6(a)] gives some information about
the state of the battery. If the entire U-t curve is recorded
during the short time T}, a lot more of information can be
obtained. For instance, the presence of the coup de fouet
the first minutes indicates that a lead-acid battery is fully
charged and well floated and the trough voltage Uy, is func-
tion of SOC and SOH as already mentioned (25-27).

Current and float current monitoring

Current monitoring is often used to obtain the charge
transported through the battery. The discharge current is
continuously measured and integrated over time (charge
gauging). If the discharge current is fairly constant so that
dynamic effects are not relevant, comparison of the rated
capacity with the transported charge permits us to esti-
mate the available operating time. If the charge is gauged
during the charge period as well it becomes possible to es-
timate the charging time because of the high A-h-efficiency
(95% to 98%). From the estimated SOC of the battery and
the rated capacity, the required charge time with a known
charge current can be calculated. This avoids heavy over-
charging of the battery. However, after a number charge-
discharge cycles, due to measurement errors and lack of
knowledge of the precise A-h-efficiency (especially near full

charge), the deviations between calculated SOC and actual
SOC become larger and larger and a reset is necessary, e.g.,
by giving the battery a full and extended charge.

Float current (I in Fig. 4) for floating batteries can also
provide diagnostic information (31) but the float current
depends on battery temperature and float voltage. Devi-
ations from the normal float current value are suspected
if they cannot be related to deviations of ambient temper-
ature or float voltage. The relatively high ratio between
discharge or charge current and float current requires dif-
ferent current sensors and increase the cost for these mea-
surements.

Combined voltage and current measurements

Attempts to use battery models for the SOC determina-
tion have been made possible by the relative low cost of
data collection systems. If the U-¢ discharge curves with
parameter I, are stored as a model of the discharge behav-
ior in a memory, it should be possible to obtain information
about SOC from the actual battery voltage and discharge
current (17) by comparing these quantities with the stored
values. A limited number of curves suffice since interme-
diate curves can be generated by interpolation (16, 32). In-
fluence of temperature is included by introduction temper-
ature coefficient for the battery voltage. Alternatively, it is
possible to use an electrical model of the battery (e.g., Fig.
7) but in practice it can be difficult to assign reasonable pa-
rameters to this model because they vary during the course
of discharge and charge. Therefore, it is also necessary to
tabulate the change of component values with SOC. In both
cases the initial discharge data have to be updated after
some time, say six months to a year, to take into account
aging effects. This of course multiplies the risks of a sin-
gle capacity test with the number of update discharges. For
lead-acid batteries operating with a very varying discharge
current, the dynamic effects in the cells are so important
that the stored curve method can give rise to large SOC
estimation errors. Since the test relies on data of a bat-
tery that is in good condition, it can only give significant
results when there are no defective cells. It is therefore not
suitable as a diagnostic aid.

Impedance and resistance testing

Most of the industrial battery testers rely on the de-
termination of battery internal resistance, conductance,
impedance or admittance. The difference between resis-
tance and impedance testing follows from the battery
model shown in Fig. 7. In Fig. 7(a), the electrochemical
source Uy represents the ideal energy reservoir, and by ne-
glecting changes in electrolyte density, its value remains
constant during the course of a discharge. Resistor Ry
represents the resistance of the metallic part of a cell,
the sum of (1) the resistances of the connection posts, (2)
strap between posts and plates, (3) the plate grid and the
interface between grid and the active material. Resistor
Rg represents the sum of the resistances of (1) the ac-
tive electrochemical part of the cell at the interface elec-
trode/electrolyte and separator, (2) the electrolyte, and (3)
the plate paste. At very low frequencies a part is due to dif-
fusion effects in the pores of the plates that can only be rep-
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(b)

Figure 7. Simple electric equivalent circuits for a cell that can
be used for the description of dynamic effects. The resistor Ry
represents the sum of the metallic and electrolyte resistances, Ry
and Cg are due to the electrochemical double layer on the plates,
and Uj is the rest voltage of the cell. The open-circuit voltage Eg
tends to Uy after several hours. In (b) R1,C1,Rg, Co are introduced
to obtain a better matching with real impedance behavior.

resented with an infinite chain of capacitors Cy, Cs,...and
resistors R1, R,...(19-33). The capacitor Cg represents the
double-layer capacitance of the plate interface (about 1.5 F
for an 100 A-h cell). The diagnostic value of the impedance
tests follows from the fact that some components of this
equivalent circuit depend on SOC or change considerably
when the cell is aging or deteriorating (34, 35). The resis-
tance Ry increases strongly by corrosion of the posts, the
plate grid, and the interface between grid and paste. On the
other hand, Rg shows a gradual increase during lifetime for
VRLA batteries because there is a continuous loss of water
in the paste. Subsequent deep discharge cycles also deteri-
orate heavily the physical condition of a lead-acid cell, and
again this reflects in changes in Rg. In the equivalent cir-
cuit of Fig. 7, the parameters are not only determined by
construction but also change in time because of the operat-
ing conditions. Further, since an impedance measurement
gives the sum of the impedances of both plates and the elec-
trolyte between, the component values in Fig. 7 represent
an average for the two plates. Without an additional poten-
tial electrode in the electrolyte it is impossible to determine
the values for the individual plates. One could think that
this makes it difficult to extract useful information about
the absolute battery condition from impedance measure-
ments. But, in most battery plants the individual cells are
operated in a very homogeneous way because of series op-

eration. In the cases when batteries or cells are parallel
connected the differences can be much larger. Therefore,
it is obvious that deviations of the individual cell parame-
ters from the average obtained from all the cells in a series
chain, can produce valuable diagnostic information: cells
deviating too much from the average have to be considered
as suspect. Practice has shown that this is a good way for
separating the good and bad cells of a battery (36—42).

Alternating current impedance tests. The complex
impedance Z of a battery or cell can be found by forcing a
sinusoidal voltage or current into the battery or cells and
measuring the amplitude and phase of the corresponding
current or voltage. The frequency range of interest for
research purposes may be very large: from 10~2 Hz to 10°
Hz. Impedance measurements are popular because testing
is fast, there is no discharge of the battery during the test,
and it can remain in operation. Standardization of the
measurement conditions is necessary, and therefore a rest
period of 2 h to 4 h before the test is recommended. The
temperature should be stabilized and preferably about
21°C. Figure 8 shows typical curves of the real part and
phase-angle of Z as a function of frequency. It is seen that,
in accordance with the equivalent circuit, a cell behaves ca-
pacitively below 10 Hz and resistively somewhere between
typically 10 Hz and 100 Hz (6, 43). Above this frequency
the inductive component of Z due to the inductance of
the posts, straps, and plates becomes predominant. This
higher-frequency region is not important for testing since
it gives little or no information about the condition of the
plates. The minimum value of |Z| is always found in the
resistive region. The “ohmic resistance” (R;) is the value of
|Z| at a phase-angle zero, determined from the phase-angle
curve. In general it is seen that this frequency decreases
somewhat with increasing nominal capacity. A single ideal
measurement frequency for all batteries can therefore not
be found. Figure 9 shows the behavior of impedance as a
function of SOC and with the measurement frequency as
a parameter (43). From 0% to 80% SOC we see that log|Z|
falls almost linearly with SOC. Above 80% an increase
occurs due to gassing or gas recombination. A correlation
exists between |Z| and SOC for all lead acid cells but the
dispersion on the measurements between different cells is
larger than the variations in |Z| due to SOC in the range
above 80%, and actually this is the most important region
for floating batteries. The effect of temperature on the |Z|
measurements can be neglected. VRLAs show a marked
increase of the real part of Z at the end of their life. If the
real part and absolute value of the imaginary part of Z
are drawn in the complex plane and with frequency as a
parameter (Cole-Cole plot, Fig. 10), the typical half-circle
shape at medium frequencies and the straight line for
low frequencies is the result (21-44).This is due to kinetic
effects at the electrical double layer of the plates Analysis
in this region is difficult because no universal equivalent
circuit exists at the moment (6). A very low test frequency
would also result in unduly long measurement times. The
determination of conductance from the real part of the
admittance Y = 1/Z or by direct measurement leads to
similar results.



8 Secondary cells. See BATTERY TESTERS. Uninterruptable power supplies. See Battery Testers

4
107" —

e
=
o
90 &
N
-60 @
Q
30

—

Frequency (Hz)
—=30

—-60

Figure 8. Generic curve for |Z| and the phase of the cell impedance as a function of frequency. The |Z| scale is logarithmic but the units
are arbitrary; the frequency scale is logarithmic. In the range 10 Hz to 100 Hz the cell behaves resistively and the corresponding value is
the ohmic resistance (R;). Below this frequency the cell reacts capacitively and above inductively.
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Figure 9. Generic curves for |Z| (logarithmic scale) as a function of state of charge and with frequency as a parameter. From SOC = 80%

on |Z| increases because of gas generation on the plate surfaces.
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Figure 10. Cole-Cole plot for the impedance Z: real part of Z and
absolute value of the imaginary part with frequency as a param-
eter. The straight line at very low frequencies is due to diffusion
effects at the double layer capacitor of the plates; the circular part
is result of Cg and Rg. The ohmic resistance R; is found on the real
axis. Above the real axis the cell behaves capacitively and below
inductively.

There exist several possible practical impedance test
implementations for on- and off-line batteries.

1. Injection of an ac sinusoidal current (45, 46) with am-
plitude I in a cell. If the resulting ac voltage ampli-
tude E [Fig. 11(a)] is measured, then |Z| = E/I. In gen-
eral, it is difficult or impossible to inject a current in
the battery when it is floating due to the low charger
impedance. However, if it is injected in a single cell,
the other cells will separate it from a constant voltage
charger by virtue of their internal impedances. For a
series chain of 24 equal cells (nominal 48 V battery)
only 4.2% of the injected current will be diverted to
the other cells in the chain if all internal resistances
are about equal. More complex systems use a syn-
chronous detector for the determination of E so that
the complex value Z is obtained. The measurement
frequency (typically 37 Hz to 73 Hz) must not be har-
monically related to the mains frequency (50 Hz or 60
Hz) so that the synchronous detector can completely
eliminate the charger ripple.

2. If the charger ripple current is not too large the re-
sulting voltage ripple over the battery or cells is pro-
portional to the internal impedance. The ripple cur-
rent can be measured with an ac current probe or
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shunt (47) and the voltage with a sensitive ac volt-
meter [Fig. 11(b)]. One has to interpret the results of
this measurement very carefully. First, the voltage-
current curve of a cell (3,48) is not linear (Fig. 12) and
the voltage waveform therefore differs from the cur-
rent waveform if the amplitude of the latter is very
large. But, for not too large a ripple current the rip-
ple voltage is approximately proportional to the cur-
rent. Second, if the ripple current is not sinusoidal,
a Fourier series can represent it. Since Z is complex
and depends on test frequency, the Fourier compo-
nents of the ripple voltage series will differ from those
in the current series. Therefore it is recommendable
to selectively measure the amplitudes of the funda-
mental waves of current and voltage ripple and cal-
culate |Z| from their ratio. Alternatively, if a data col-
lection system is available, a fast Fourier transform
(FFT) can be performed on the data of current and
voltage. In this method one is, however, limited to dis-
crete frequencies, that is, the multiples of the ripple
frequency (49). If the battery is discharging and the
discharge current shows a stochastic pattern then
sampling the current and voltage at regular intervals
can also lead to an impedance value if again a FFT
is performed on the samples. In this case a more uni-
form spectrum can be obtained. The latter methods
require, however, expensive and complex measure-
ment equipment.

3. The three-voltmeter method is a classic method (50)
and is implemented as follows (51): an ac current with
a value of 8 A to 9 A is injected in a cell and the
effective value I, of this current is measured with
an ac current probe instrument. The connection wire
(bx,ars1) between two cells with position number &
and k+1 is now used as a reference resistor (Fig. 13).
Next, three effective voltages are measured: U; be-
tween a1 and by, Us between ay and by of the cell
k,and the total voltage Uz between ay and a;,1. The
real part R of the cell impedance Z then follows from:

Uz —UZ-U?

R =
2U11,

Although the voltages are small (1 mV to 2 mV) a mod-
ern instrument with true root-mean-square (rms) capabil-
ity suffices. In principle, it is also possible to calculate the
phase of Z from the three voltages, but this supposes a pure
sine-wave excitation and a linear voltage-current curve.
The reproducibility of this method is excellent and the test
can be performed with the battery on- or off-line. The mea-
suring equipment is standard and it is possible to use the
rectifier ripple current on the condition it is large enough.

Pulse-impedance and dc load tests. Pulse-impedance and
dc-load tests permit us to determine in a fast way the in-
ternal resistance or conductance of a cell.

Load voltage test. This is one of the oldest methods for
the determination of internal resistance. A cell of the bat-
tery is first loaded with a current I; and a terminal voltage

- 1
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Figure 11. Measurement of the internal impedance of a cell: an
ac current [ is forced into the cell and the resulting ac voltage E is
measured. In (b) the ripple voltage U, superposed on the charger
float voltage is used as a source. The resulting battery current
ripple value I, is measured with an ac current probe or current
shunt and the ac ripple voltage over a cell with an ac voltmeter E.
The source Uy represents the dc part of the float voltage.

I.4 SOC = 50%

SOC = 100%

[ ] -
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I ————f—-----
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Figure 12. Nonlinear current—voltage curve of a cell for charge
(I.) and discharge (I3) currents and for 50% and 100% state of
charge. The equilibrium voltage at I. = I3 = 0 shifts to the right
when SOC increases because acid density increases.
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Figure 13. Three ac rms. voltage measurements Uy, Uz and Us and knowledge of the rms. ripple current value I, permit to determine

the real part of the cell impedance in a string (here shown for cell %).

U, is measured. Next, the load current is increased to I
and reading U results. From these values a resistance R;
is defined:
g U2=U_ AU
I, — I Al

Because of the nonlinear voltage-current characteristic
of the battery it is necessary to standardize the load cur-
rents in order to obtain comparable results. Suitable values
arel; =0.2C and I, =4.2C with C the capacity of the battery
in A-h and I; and I, in A. The definition of R; corresponds
with the inverse slope of a straight line connecting the two
measurement points in the voltage-current characteristic
of Fig. 12. The voltage-current curves are different for a
discharge and charge current, especially at the end of the
charge mainly because of the gas generation on the plates.
Therefore it is recommendable to perform the load voltage
test under discharge. The R; value obtained gives a good
measure for the resistance of the metallic part of the bat-
tery or cell if the measurement time is much shorter than
the time constant due to Rg andCg (5 min to 10 min) of
Fig. 7(a). Because R; depends on SOC it is common to start
with I; from a fully charged battery. A disadvantage of this
method is the large discharge current I, for example, 420
A for a 100 Ah battery. An expensive load resistor or active
load with additional cabling is thus required. The capac-
ity loss of the cell during the measurement remains small
because the load time is short.

Current pulse test. In this test (51) a current pulse Al
is superposed on the normal charge (or discharge current)
for a fixed time (3 s to 10 s). The battery reacts to this pulse
by increasing (or decreasing) its terminal voltage (Fig. 14).
In Ref. (52) it is proposed to use a charge current I5 and a
pulse I = 2 I5. The voltage U; at the end of the pulse and
U, immediately after the pulse is measured. The battery is
then left to rest for 30 minutes and a third reading Us is ob-
tained. From this voltages one can define three resistance
values: R1 = (Ul — UQ)/I, R2 = (U2 — Ug)/l and R3 = (U1 —
Us)/I. The equivalent circuit of Fig. 7(a) shows that the volt-
ages U; at the end of the current pulse and U, immediately
after the pulse are different due to voltage drop over Ry
(= R1). The value R; has relation with the electrochemical
phenomena at the double-layer surface; the slowly drop-
ping voltage during the rest period is due to Cx and Rg.
After about 30 minutes the transient current through Cg
has vanished and we find Ry = (Us; — U3)/I. Resistance R3

A
o 10s
:3; 2[5
g Al
(;‘: IS : pr—
5 /4 .
o " : Time
i L 30 min i
A | i |
g L] :
% | K:/
4 |
= y
g —Us
[
o4
Time

Figure 14. Determination of internal resistance by a 10 s pulse
current superposed on the charge current (I5). The battery is then
left at rest for 30 min and from Uq, Ug and Ug follow Ry and also
Rg.

is a combination of both effects. Experiments have shown
that the results obtained have a similar shape as a function
of DOD and that there is a strong correlation with a pure
ac impedance method. In (53) the battery is subjected to a
72 A discharge pulse I for 3 s to 10 s and U,, Us or U3, U,
are measured (Fig. 15). It follows that Ry = (U, — Ux)/I =
Uy — U3/

Current impulse test. In the current impulse test (45)
the cell is loaded during a very short period (500 us) with
a current impulse (e.g., Is¢) and the voltage U, just before
the start of the impulse and U, at the end of the impulse
are measured. The metallic resistance is Ry = (U — Ug)/Ig g
and it appears that this value permits to estimate the SOC
within a 10% error. The advantage of this method is a very
low discharge dissipation and capacity loss.

Other tests.

1. Noise voltage tests. It is well known that complex
electrochemical reactions produce electrical noise
(54). There have been several attempts to apply this
property for diagnostic purposes in batteries (55) or
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Figure 15. Variant of Fig. 14: a pulse discharge current is applied
during 3 s to 10 s and Uy, Us or Us, Uy are measured. From the
differences Uy — Ug or Uy — Ujs follows Rg.

SOC determination (56). Measurements (57) show
that the open circuit noise voltage of a cell increases
when the SOC decreases, probably because the inter-
nal resistance is responsible for a part of the noise
voltage. There is also a correlation between the open
circuit voltage noise level of a fully charged cell at
rest and the state-of-health. When current flows in
the cell the noise voltage increases because of the
electrochemical reactions. The noise level effect is es-
pecially large for primary cells because of the large
internal resistance. The noise voltage measurements
are applicable to different cell chemistries since the
noise is an intrinsic property of an electrochemical
reaction. A disadvantage is that noise measurements
are not easy to perform: a complex instrument setup
is required and the results are sensitive to electro-
magnetic interference produced in the environment
of the cells.

2. Measurement of the electric capacitance. The com-
ponent values of the equivalent circuit in Figure 7
depend on the SOC of a cell. Since the cell reactions
occur at the active surface of the electrodes, the val-
ues of Cg, C1, ete. will be proportional to this active
surface and thus to the SOC. Detailed analysis of
the plate reactions requires the knowledge of the en-
tire Cole-Cole plot of Figure 10. This plot can be de-
termined by electrochemical impedance spectroscopy
(EIS). Because EIS requires a very long measure-
ment time and expensive equipment and gives in fact
more information than is wanted for technical appli-
cations, simplification is possible. The capacitors C1,
Cs, etc. in Figure 7(b) are indeed related to the slow
diffusion effects in the active mass of the plates while
Cg is a function of the double layer capacitance of the
active electrode surface. In (58) it is reported that the
continuous EIS frequency spectrum can be replaced
by measurements at twenty four frequencies from 20
Hz to 2000 Hz for the determination of cold cranking

6 V/100 A-h VRLA battery. The same shape of the curves is seen
for nickel-cadmium cells.

amperes of starter batteries. A further reduction to
three frequencies has been proposed in (59) and the
results reveal the linearity between SOC and Cg. Fi-
nally a measurement at a single frequency still gives
acceptable results (60). If this measurement is per-
formed at the internal resonance frequency of the cell
it is also possible to determine the internal induc-
tance of a cell. Figure 16 shows a result we obtained
with this method. The variation of the internal in-
ductance with the SOC is similar to the variation
of the internal resistance but the sensitivity to SOC
is larger. All this capacitance methods are applica-
ble to lead-acid and NiCd cells. For the primary Zn-
MnO; elements the linearity between SOC and Cg
is disturbed by the heavy change of the Zn-electrode
roughness.

INTERPRETATION OF THE MEASUREMENTS AND TESTS

For small and cheap batteries the full capacity test suf-
fices to obtain an indication of the state of the battery. In
contrast, for the large industrial installations it is difficult
to perform this test and we have to rely on a thorough
monitoring of float current of the battery and cell voltages.
The following principles can be used for diagnosing of cell
failures. A single deviation of a parameter of a cell from
the average value does not necessarily mean that the cell
is deficient. If this deviation can be related to deviations
of other operating parameters (temperature, unexpected
discharges, etc.) the cell is probably good but needs con-
ditioning. If this is not the case, there exists a change in
the operating conditions of the cell, for example, because
of fast aging. It is important to store the baseline values
of parameters such as temperature, cell voltage, and float
current at the start of operation of a new battery. The ac-
tual electrical parameter values depend on the state of the
cells: charged, discharged, floating, lifetime, cycle life, etc.
It is better to compare ratios of related parameters than to

Inductance (nH)
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rely on the actual values. If, for example, the load current
increases with A, then the terminal voltage will increase
with AU and one expects the ratio AU/ Al to remain al-
most constant. If the float charger voltage increases, then
the minimum (or maximum) of the individual cell voltages
will also increase, but the ratio float voltage to minimum
(maximum) will almost be constant. A thermally unstable
cell will show a higher ratio of cell temperature to ambient
temperature. The diagnostic value of these tests is much
enhanced when they are combined with impedance or re-
sistance measurements.

CONCLUSIONS

The most important parameter of a battery is its rated ca-
pacity, which can only be determined under real conditions.
Alternative tests have the purpose to estimate the condi-
tion of a battery or individual cells but it remains almost
impossible to predict sudden death of cells.

In (53) the following conclusions are drawn: (1) no test
can replace the capacity test, (2) a capacity test is expen-
sive but a battery is costly and therefore the test is worth-
while, (3) for small systems with not too high a degree of
required reliability, it is allowed to replace the capacity test
with the impedance test, (4) when in large systems some
cells show too large an impedance deviation from the mean
value, there is a chance that a serious failure exists and a
capacity test is necessary, and (5) conductance tests have
to be performed with the battery fully charged.
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