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Dynamical Models of Lead-Acid Batteries:
Implementation Issues

Stefano Barsali and Massimo Ceraolo

Abstract—This paper explains how the lead-acid models de-
scribed in a previous paper can be utilized in practice. Two main
issues are opened by that paper: 1) The paper does not supply
detailed information on how to identify the several parameters of
the proposed models, and 2) it defines a whole family of models,
but does not discuss which model of the family is adequate for a
given purpose. These two issues are tackled in this paper. For the
first issue, the more complex one, two options are proposed and
discussed: 1) a complete identification procedure involving exten-
sive lab tests and 2) a simplified one that combines information
from lab tests and data supplied by the manufacturer. In addition,
further simplifications applicable in cases of batteries belonging
to the same family are presented.

Index Terms—Batteries, modeling, parameter estimation.

I. PROPOSEDMODEL

I N THIS PAPER, the lead-acid battery model family de-
scribed in detail in [11] is rapidly reported for reader’s

convenience.
The model can be represented by an equivalent electric net-

work reported in Fig. 1, along with the dynamic equations rep-
resenting the charge storage process and the electrolyte heating

where
so-called “extracted charge,” i.e., the charge
that has been actually extracted from the battery
starting from a battery completely full (battery
full when );

and battery thermal capacitance and resistance, re-
spectively;
heating power generated inside the battery by
conversion from electrical or chemical energy.

It has to be remembered that the resistancesand ca-
pacitances shown in Fig. 1 are function of the battery
state-of-charge and electrolyte temperature. The equations
defining these parameters are reported in the Appendix.

II. I DENTIFICATION OF MODEL PARAMETERS BY LAB TESTS

In the diagram of Fig. 2 the battery model is globally de-
scribed as having the environment temperatureand the bat-
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Fig. 1. Lead-acid equivalent network for both discharge and charge.

Fig. 2. Pictorial description of model interaction with the external world.

tery current as inputs, and the battery voltage as well as the ex-
tracted charge and electrolyte temperature as outputs.

It is in principle possible to determine all the parameters
starting from a set of lab tests of a real battery, i.e., discharges
and charges at different values of currents and environment
temperatures and a digital simulator of the model.

If indicates the measured voltage shape of a given
test, and indicates the simulated voltage referring to the
same input signals and a given set of parameters, and is
a measure of the error between the two shapes, the elements of
vector could in principle be obtained by solving the equation
in

(1)

Examples of error functions are

mean quadratic difference (2)

mean absolute difference (3)

In practice, however, because of the great number of elements
of and the strong complexity of the relationships between the

elements and the battery behavior, it is very difficult that this
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process converge to reasonable results, if a brute-fore approach
is undertaken, i.e., if a general-purpose numerical algorithm is
adopted for minimization of (1).

It is therefore advisable to simplify this task, by decomposing
the problem into simpler subtasks for which the number of
needed parameters is smaller. This is dealt with in the following
paragraphs under some assumptions, generally satisfied, on the
model structure.

Once the elements of are computed, an function such
as those reported in (2) and (3) can be used to check the validity
of the results.

A. Parameters Referring to the Battery Capacity

The battery capacity is defined in the model by the following
equation (see also Appendix):

(4)

in which is the electrolyte temperature (inC, supposed con-
stant within the battery and during the discharge) and, ,

, , , are parameters to be identified.
It is apparent that during real-life lab tests, even if performed

in climatic chambers, the electrolyte temperature is different in
different electrolyte points and varies along with time as well.
For the purpose of interpolation of capacity parameters, how-
ever, tests can be made under constant ambient temperature, and
the temperature to be considered in (4) is an average of the
electrolyte temperature. The average is to be in principle car-
ried out over space and time. In practice the time-average of a
single point temperature is sufficient.

This single point temperature, in case of flooded batteries, is
the temperature measured in a point chosen so that it reason-
ably reflects the average electrolyte temperature. For the more
complex case of VRLA batteries, experimental tests performed
by the authors have shown that for the purpose of the interpola-
tion of parameters of (4) the single-point temperature can be ob-
tained by measuring the temperature of one of the battery pins.

The interpretation of the parameter in (4) is quite simple
as a consequence: it is a reference current able to make the basis
of the power to an adimensional number. It is therefore rea-
sonable to assume , or, more generally, to equal to
a value representative of the typical usage of a given battery.

An experimental determination of the remaining five param-
eters would require, under the hypothesis normally acceptable
of assigning to the electrolyte freezing temperature the value

35 C, at least four tests made using two different (con-
stant) currents and and two different temperatures and

. If the equation of the capacity is utilized in conjunction with
the four couples , , , and and the
related measured capacities, a system of four equations in the
four unknowns , , , and is determined. If more tests
are available, the same parameters can be more effectively com-
puted considering all tests and choosing the set of parameters
that minimizes the error between measured and computed ca-
pacities.

Often the battery manufacturer gives information about the
dependency of the capacity on the temperature by means of the

Fig. 3. Lead-acid equivalent network valid during discharge process.

temperature coefficient , assumed to be
constant.

According to the hypothesis of a constant, to ob-
tain a capacity at a different temperature and equal
current of a given value , the simple relation

can be used.
In all cases, the currents and temperatures to be chosen to

perform the tests should be representative of the possible op-
erating conditions foreseen for the battery. In fact, even if (4)
interpolates quite well the battery behavior under wide ranges
of currents and temperatures, it is obvious that for currents and
temperatures very far from those used for parameter interpola-
tion nonnegligible errors can occur.

B. Parameters Referring to the Main Branch of the Electric
Equivalent

Consider the generic circuital representation of lead-acid bat-
tery reported in Fig. 1.

In [11], that describes the model in detail, it has been stated
that the so calledParasitic Reaction Branch, i.e. the branch in
the electric circuit reported in Fig. 1 betweenand , draws a
noticeable current only during the charge process (and at the end
of it). Therefore, for the analyzes of tests in which only battery
discharge is involved, it can be neglected. This is very useful in
that it simplifies a lot the process of parameter identification.

Consider the discharge model represented in Fig. 3, in which,
it has to be remembered, the resistancesand capacitances

are function of the battery state-of-charge and electrolyte
temperature; in addition, each particular battery is characterized
by a set of parameters that define the particular shape of these
functions

(5)

or, if it is assumed

(6)

where

• is the vector containing the details of the particular
battery considered with reference to the electromagnetic
force;
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Fig. 4. Typical voltage and current profile for a constant-current discharge.

• , , and are vectors containing the details of
the particular battery considered with reference to theth
resistance and capacitance, respectively.

In the remainder of this paragraph reference is made to (6)
instead of (5).

The identification is particularly simplified if the following
conditions can be assumed.

1) Vectors , are constituted by two elements each.
2) Vectors , with are constituted by a single

element.
Under these assumptions, (6) becomes

(7)

in which the numbers at the left hand of the equal signs are to
be experimentally evaluated by suitable tests.

A good test is, for instance, is the one pictorially represented
in Fig. 4. This test, to be carried out in a thermostatic room, is
to be prepared as follows.

1) First, the battery is fully charged.
2) Then, the battery is kept disconnected from any external

circuit and the complete stabilization of the voltage is ex-
pected (this phase may last several hours).

3) The actual test is composed of measuring of the initial
voltage (that can be assumed to be equal to the elec-
tromotive force corresponding to the condition of battery
full and the actual electrolyte temperature).

4) Executing a constant-current discharge for a duration.
5) Registering the subsequent transient up to the complete

stabilization of voltage, so that the stabilized voltage
can be equalled to the battery electromotive force.

The parameters of (7) can be determined as follows.

• and can be directly determined by measuring the
voltage at the beginning and the end of the test (i.e.,
and ) under the assumptions that they are numerically
equal to the e.m.f.s at the beginning and the end of the test
(the relevant values of and can be easily
evaluated).

• and can be directly determined measuring the
“instantaneous” voltage drop during the current fronts,
which determine - , -

: they are simply obtained by solving the 22 al-

gebraic system1 :

-
-

• , , and with can be determined consid-
ering the voltage transient after and determining the
set of parameters that causes the transient to be best fitted,
e.g., minimizing, according to what is stated in Section II,
some error measure such as the mean quadratic difference
or the mean area difference. The maximum value ofmust
be chosen according to the considerations reported in Sec-
tion VI. Therefore, the total drop – will be shared
among the resistances with . Depending on the
order chosen for the model and on the fitting criterion, the
value of , needed to calculate the parameters and

related to , will be affected.
It is important to note that in the third order model formu-

lation proposed in [11] the above-reported two conditions that
enable the simplified parameter identification are met. In partic-
ular, the electrical parameter definition equations are

const

in which, obviously, it can be assumed

If this formulation is assumed, estimating the electrolyte tem-
perature of (7) is not an issue. In fact, in this case the tempera-
ture appears only in the e.m.f., and this equation is utilized with
measures taken at the beginning of the discharge (when )
and at the end of the stabilization period (when ) so that
the electrolyte temperature can be assumed to equal the room
temperature.

C. Parameters Referring to the Parasitic Reaction Branch of
the Electric Equivalent

The parasitic reaction current has been expressed as a func-
tion of the parasitic branch voltage and the electrolyte tem-
perature

The identification of the constants of this equation, i.e., ,
, can be obtained by means of tests made when the battery

is completely full, and relating the voltage and current at the
battery pins and the temperature. In fact, when the battery is
completely full it can be assumed that (see Fig. 1),
The electrolyte temperature can be estimated from the ambient
temperature.

1The electrolyte temperature can be measured directly in case of flooded bat-
teries, or (if~t is not too large) approximately assumed equal to the temperature
of one of the battery pins in case of VRLA.
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TABLE I
MANUFACTURER’S DATA FOR THE BATTERIES CONSIDERED IN THISPAPER

However, several lab tests have shown [6] that it can be as-
sumed, for V/element

C C

D. Parameters Referring to the Battery Thermal Model

The proposed battery thermal model is a simple thermal ca-
pacitance–thermal resistance model. These two parameters can
be derived experimentally or obtained from the manufacturer.

It must be noted however that, differently from all other pa-
rameters, the thermal resistance depends on the installation of
the battery in the room. In particular, the relative position of the
monoblocks (battery modules) within a battery pack is very im-
portant, since it strongly influences the surface in direct contact
to the free air surrounding the battery pack.

Approximate estimates of the parameters can be obtained by
means of the usual techniques for heat transfer problems, based
on the battery mass, shape, case material, etc.

III. I DENTIFICATION OF MODEL PARAMETERS USING

MANUFACTURER’S DATA

The techniques described in the previous paragraphs for iden-
tifying the battery model parameters require several lab tests to
be performed.

Obviously, to make such tests some devices able to keep con-
stant the current (e.g., by on-line changing the resistance of a
resistor connected to the battery) and the temperature (thermo-
static chamber) are needed. Therefore, these tests are costly and
complex.

When it is not possible, for technical or economic reasons,
to make these tests, an approximate estimate of some of these
parameters can be determined with simple computations from
the battery data supplied by the manufacturer.

The most readily usable data from the manufacturer are re-
lated to the battery capacity.

Normally constant-current discharge capacity at different
currents and end-of-discharge voltages are supplied. In addi-
tion, the manufacturer often supplies some information on the
dependence of the capacity on the temperature, often in terms
of a “temperature coefficient” value .

If, as often done by manufacturers,is assumed constant, the
following relation can be easily obtained2 between and

(8)

The parameter is then obtained by

2It is sufficient to evaluate� = (@C=@�)=C using the formulation of
C(I; �) given by (4) and evaluate the resulting formula in the point(I ; � ).

TABLE II
PARAMETERS REFERRING TOCAPACITY FOR THE BATTERIES CONSIDERED

IN THIS PAPER

and finally and are obtained using values of capacity at
currents different from

If a larger number of experimental tests is available it is advis-
able to exploit all the data available and choose a set of param-
eters that minimizes the error between measured and computed
capacities.

In some cases the manufacturer supplies data about the bat-
tery internal resistance. To exploit these data for the parameter
identification of the proposed model it is important to know the
adopted measuring technique. Two measures are relevant.

• Measure by means of the “instantaneous” voltage drop
subsequent to a current step (i.e., something similar to

– or in the plot of Fig. 4). In this case, the
measure is immediately useful to identify the parameters
of .

• Measure made according to the IEC 896-1 and IEC 896-2
standards. In this case, the result of the measure is not
immediately exploitable.

In some cases, however, the IEC resistance can be utilized by
means of a trial-and-error simulation cycle:

— use a tentative set of resistance parameters;
— simulate the IEC procedure for measuring the internal

resistance, read the IEC resistance on the simulation
results;

— correct the tentative parameters;
— repeat the cycle until satisfactorily results are obtained.
Since the proposed thermal model is the simplest dynamic

model (linear, first order), when data is available, it is imme-
diately exploitable. If no data is directly available, estimates of
thermal capacitance can be drawn considering composition of
the battery interior (plates, electrolyte). The internal resistance
can be computed starting from information on the physical and
geometric characteristics of the battery case.

The thermal time constant (thermal capacitance times thermal
resistance) can be experimentally obtained as follows.

• The battery is kept in an oven at a constant temperature
(e.g., 10 C above the ambient temperature) up to the
thermal equilibrium.
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TABLE III
DATA OF THE DISCHARGETESTS FOR THEASSESSMENT OF THEPARAMETERS OF THEELECTRIC COMPONENTS OF THE TWOBATTERIES (SEEFIG. 4)

TABLE IV
PARAMETERS REFERRING TO THEMAIN BRANCH OF THE ELECTRIC

EQUIVALENT FOR THE BATTERIES CONSIDERED IN THISPAPER

TABLE V
PARAMETERS REFERRING TO THETHERMAL MODEL FOR THEBATTERIES

CONSIDERED IN THISPAPER

• Then it is put at the ambient temperature, and the evolution
of the electrolyte temperature is registered.3

• Based on the registered temperature behavior abest fit
time constant can be computed.

IV. EXAMPLES OF PARAMETER IDENTIFICATION

Some checks of the validity of the proposed battery model
have already been presented in [11]. However, in that case, no
indication was given on how the numerical parameters used in
the model were computed.

Hereafter, on the contrary, the validity of the proposed model
is experimentally verified in conjunction with the proposed
techniques for identifying the model parameters.

The considered batteries are the same considered in [11], i.e.,
Battery 1: valve-regulated lead-acid (gelled), Ah;
Battery 2: flooded lead-acid, Ah.

A. Capacity Parameters

In Section III, a technique to derive some of the model pa-
rameters from manufacturer data, thus avoiding specific exper-
imental test is proposed.

The manufacturer’s data of interest for the batteries consid-
ered in this paper are reported in Table I, in which, ,

are, respectively, the capacity at one, three, ten hour dis-
charge, all measured at the temperatureand considering the
end-of-discharge voltage (Volts per element).

Normally the freezing temperature is in the range
30 40 C. Considering for both batteries a 35 C

it is immediately obtained (8): , .
Capacity parameters have been calculated using the three ca-

pacity values given by the manufacturer ,
, and assessing a fourth value

starting from the knowledge of. The results
obtained are reported in Table II.

3Again, direct measure is possible for flooded batteries, estimates of the elec-
trolyte temperatures are possible using the battery pin temperature.

As already noted, these parameters identified from manufac-
turer’s data give only first information on the parameters valid
for a given battery. Corrections are expected to be necessary and
can be made once the whole set of parameters is identified, and
simulations of some experimental test are made, according to
what has been said in Section II.

B. Parameters of the Electric Components

As already noted, it is generally very difficult (or even impos-
sible) to determine the parameters of the electric components
starting from manufacturer’s data. The process to be followed
is therefore necessarily the one described in Section II. This
process has been followed on the two batteries considered in
this paper, and the results are shown in Tables III and IV.

C. Parameters Referring to the Battery Thermal Model

The parameters referring to the battery thermal model have
been identified according to the technique suggested in Sec-
tion II-D: the time constant with the oven test and the capaci-
tance starting from the battery composition and the thermal ca-
pacitances of the different battery parts (plates, electrolyte, sep-
arator, etc). The results are reported in Table V.

D. Results

Using the above parameters some transients have been simu-
lated for both the batteries.

Fig. 5 shows the matching obtained in the test performed for
parameter identification according to the rules indicated in Sec-
tion II-B.

On the other hand, Fig. 6 shows the results obtained by
comparing simulation and lab measures using a completely
different, highly informative, test case, consisting of a sequence
of constant-current discharges followed by rest periods
in which the current is zero. While the results of Fig. 6 are,
obviously, slightly less precise than those of Fig. 5, they are
still good.

The interpolation set can be improved by repeated simula-
tions and progressive modifications of some parameters. This
however would require, in absence of a specialized, complex
computer program, a human operator with knowledge of the
mathematical structure of the equation parameters, while in this
paper a more automated procedure has been chosen.

Work is in progress to produce a computer program to which
sufficient skill is given so that the “repeated simulations and
progressive modifications of some parameter” is automated.

V. SIMPLIFIED PARAMETER IDENTIFICATION

As it has been seen in Section IV, the number of the parame-
ters of the considered battery model, and that in principle should
be identified is very large. It has also been seen that only a small
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Fig. 5. Comparison between measured and simulated discharge transients for battery 1 and battery 2 (voltages versus time).

Fig. 6. Comparison between measured and simulated discharge transients for battery 1 and battery 2 (voltages versus time).

(a) (b)

Fig. 7. Voltage response to a current step (of the type of Fig. 4) of different batteries of the same family. (a) Gelled VRLA of the same manufacturer and model.
(b) Flooded of the same manufacturer and model.

part of them can be inferred from the usually published manu-
facturer’s data.

This is an obstacle in the use of the model, although it is an
almost automatic consequence of the complexity of the battery
behavior.

An idea to reduce the complexity of the parameter identifi-
cation is to try to exploit similar behavior of batteries having a
similar construction.

In Fig. 7, the voltage responses to a current step (of the type of
Fig. 4) of different batteries of the same family are shown. The
numerical value of the current used is equal to thecurrent
(current that, according to the manufacturer’s documentation,
should discharge the batteries in eight hours).

It is easily seen that there exists a nonneglectable dispersion
of behavior of different kinds of batteries. However, it looks

like all the voltage profiles shown in Fig. 7(a) and (b) can be
simulated starting from the parameter interpolations of battery
1 and 2, and modifying only a very small number of parameters.
In fact, making modifications only to parameters , ,
and and making trivial modifications on the thermal model
parameters the behaviors of Fig. 7 can be well matched. Just
to give an example, Fig. 8 shows the matching of simulation
and experimental data of 1000 Ah batteries using the modified
parameters reported in Table VI.

The thermal model parameters have been varied according to
these rules.

• The thermal capacitance is taken as proportional to the
nominal battery energy .

• The thermal resistance is taken as proportional to the bat-
tery module external surface.
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Fig. 8. Comparison of measures and simulations using simplified parameter interpolation (voltages versus time).

TABLE VI
PARAMETERS MODIFIED TO MAKE SIMULATIONS MATCHING EXPERIMENTAL

RESULTSWITH MINIMUM IDENTIFICATION EFFORT

Therefore, the real number of parameters that has to be iden-
tified in practical cases is reduced.

VI. CHOICE OF THE TYPE OF MODEL FOR A

PARTICULAR PURPOSE

The proposed battery models differ to each other by the
number of blocks utilized (Fig. 1). The level of accuracy
obtainable from different numbers of these blocks can be in-
ferred considering the last part of the voltage transient reported
in Fig. 4, i.e., the one after the time.

Fig. 9(a) and (b) shows an example of such a transient as
measured in a lab test, compared with the response of models
having 1, 2, and 3 blocks. The values of used
for simulations are computed so that the error, measured by a
mean quadratic difference (2) is minimized.

The two figures show the same transient, but with different
time scales.

It is clear from Fig. 9(a) and (b) that a generic repetition of the
experimental behavior in the whole time range, the single expo-
nential interpolation, corresponding to a single block can
be acceptable, and the two exponential interpolation appears to
be rather good. Also, the details of the voltage response, par-
ticularly difficult to follow especially in correspondence of cur-
rent steps, shows that the three exponential interpolation (three

blocks) could be the right choice.
Rather obvious, the more complex the battery model, the

more difficult the parameter identification; in addition it must
be noted that the repeatability of battery performance is limited;
therefore a model that is able to reproduce a set of experimental
results, with a high degree of precision, not necessarily will
repeat the same performance when other tests are available.

Therefore it is felt that it is useless to consider models having
more than three blocks.

(a)

(b)

Fig. 9. Comparison of different degrees of precision of the different considered
models (voltages versus time).

VII. CONCLUSION

• The electrical engineer needs reliable models of the
electrochemical batteries, especially lead-acid batteries,
to perform the task of system design and simulation. The
recent increase in the use of batteries in power systems
makes this need stronger.

• In this paper, the practical implications of the utilization
of the models presented in [11] are discussed and practical



BARSALI AND CERAOLO: DYNAMICAL MODELS OF LEAD-ACID BATTERIES 23

information on how to tackle them is supplied. In partic-
ular, some simplified ways to identify the model parame-
ters with limited number of lab tests and limited computa-
tional effort have been proposed, that still offer a satisfying
model accuracy.

• Although an accurate modeling of lead-acid batteries still
remains a difficult task, this paper shows that the models
proposed in [11], that are a family of models adapted to
different levels of precision, give a useful contribution to
simplify this task; in particular the third-order formula-
tion, while offering accurate results, is still manageable in
terms of computation and parameter identification efforts.

APPENDIX

EQUATIONS DEFINING THE MODEL PARAMETERS

Battery Capacity as a function of the discharge currentand
electrolyte temperature

are constant parameters

State-Of-Charge: .
Depth-Of-Charge: ( is the

average discharge current).
And, for the third-order formulation

Note: Needless to say, indicates the electrolyte temper-
ature measured in Kelvin (K).

where , , , , , , , , , , ,
, are constant parameters.
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