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New Dynamical Models of Lead–Acid Batteries
Massimo Ceraolo

Abstract—This paper documents the main results of studies that
have been carried out, during a period of more than a decade, at
University of Pisa in co-operation with other technical Italian insti-
tutions, about models of electrochemical batteries suitable for the
use of the electrical engineer, in particular for the analysis of elec-
trical systems with batteries.

The problem of simulating electrochemical batteries by means
of equivalent electric circuits is defined in a general way; then par-
ticular attention is then devoted to the problem of modeling of
Lead–Acid batteries.

For this kind of batteries general model structure is defined from
which specific models can be inferred, having different degrees of
complexity and simulation quality.

In particular, the implementation of the third-order model, that
shows a good compromise between complexity and precision, is de-
veloped in detail.

The behavior of the proposed models is compared with results
obtained with extensive lab tests on different types of lead–acid
batteries.

Index Terms—Batteries, modeling.

I. INTRODUCTION

E LECTROCHEMICAL batteries are of great importance in
power systems because they give at the disposal of the

electric engineer a means for storing small quantities of energy
in a way that is immediately available. Some of the main battery
uses, that have grown fast during last decade, are:

• batteries within Uninterruptable Power Supplies (UPS)
• Battery Energy Storage Plants (BESP) to be installed in

power grids with the purpose of compensating active and
reactive powers (in this sense they are an extension of the
SVCs, and therefore are sometimes called also SWVCs).
(Compare all the Batteries for Utility Energy Storage, the
more recent being [10].)

• batteries of the main energy source of electric vehicles.
(Compare all the Electric Vehicle Symposia, the two more
recent being [13] and [14].)

Largely the more widespread batteries are the Lead–acid
ones, in the two main kinds of flooded and Valve-regulated
types.

Despite of these important, and growing, fields of interest,
there still is a noticeable lack of battery models, expressed in a
way manageable for the electrical engineer.

In fact, although there exist some models developed by ex-
perts of chemistry [1]–[5], they are too complex for a practical
every-day use of the electrical engineer; in addition, they are
not expressed in terms of electrical networks, that would help
the electrical engineer to exploit his know-how in the analyzes.

Manuscript received November 30, 1998; revised July 12, 1999.
The author is with the Department of Electrical Systems and Automation,

University of Pisa, Pisa, Italy.
Publisher Item Identifier S 0885-8950(00)10346-3.

The electrical engineer would take advantage of a sufficiently
simple although accurate battery model in several ways, such as:

• simulation of the battery behavior in different conditions,
instead of setting-up costly lab experiments;

• computation of useful parameters, often not available from
the battery such as short circuit currents, constant power
outputs at different time ranges, etc.

All this kept into account, the author has been working for
several years, along with other researchers, in the field of mod-
eling electrochemical batteries, mainly lead–acid ones, in terms
of equivalent electrical networks [6], [11].

Over the years these models have been continuously checked
with experimental results, and improved in several ways. In par-
ticular, efforts have been done in the direction of simplify their
use, and defining particularized models set-ups apt for specific
battery usage types.

The present paper shows the result of this lengthy process
of revision of battery models, i.e., it proposes a general model
formulation and a particular implementation that shows a good
compromise between complexity and accuracy; some experi-
mental checks of the model accuracy are also presented.

II. ELECTRICAL EQUIVALENTS OF ELECTROCHEMICAL

BATTERIES

The main idea behind the models of electrochemical batteries
presented in this paper is to simulate them by means of an elec-
tric analogy, i.e., to use networks formally composed by the
usual electrical components: electromotive forces, resistors, ca-
pacitors, inductors, etc.

This would help the electric engineer in analyzing the battery
behavior, since it can utilize his basic knowledge to analyze the
internal phenomena of the battery.

The idea of the simulation of batteries by means of electric
networks is not new in literature (cf. [9], [16]); however, in the
present paper instead of trying to model by means of electric ele-
ments the single parts of the battery (electrodes, electrode/elec-
trolyte interface, electrolyte, etc.) a different approach is fol-
lowed: trying to find an electrical model that interpolates at best
the battery behavior as seen from the terminals. This approach
has been followed by the author in the past [8], although the
already published models are not at the level of refinement of
those proposed in this paper.

Since the battery is an electric bipole, were it linear, its more
natural model would be constituted by an electromotive force in
series with an internal impedance, both function of the Laplace
variable (Fig. 1). In addition, if the charge efficiency were
equal to unity, the charge stored internally as a consequence of
a current entering the battery would be the integral ofitself.

This approach has two main issues:

0885–8950/00$10.00 © 2000 IEEE
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Fig. 1. Simple battery electric equivalent.

Fig. 2. Battery electric equivalent taking into account a parasitic reaction.

1) the battery behavior is far from being linear; in particular
the internal elements and are function at least of the
battery state of charge and electrolyte temperature;

2) in general the charge efficiency cannot be considered
equal to 1.

On the other hand, the dependence ofon can be dropped.
To tackle these issues, the electric network can modified as

indicated in Fig. 2, where:

• represents a measure of the electrolyte temperature;
• is a measure of the battery state-of-charge (later on

details will be given on this quantity).
In this model the charge stored in the battery is the integral of

only a part of the total current entering the battery; there-
fore the parasitic branch (subscript) models nonreversible,
parasitic reactions often present in the battery, that draw some
current that does not participate at the main, reversible, reac-
tion. The voltage that feeds the parasitic branch is near to battery
voltage at the pins, separated from the latter by only a resistance,
called in figure.

The energy that enters the e.m.f. forceabandons the state
of electric power, and is converted into other forms of energy.
For instance, for lead–acid batteries, the parasitic branch models
the water electrolysis that occurs at the end of the charge process
and the energy entering is absorbed by the reaction of water
dissociation.

The power dissipated in the real parts of impedancesand
is converted into heat, that contributes to the heating of the

battery itself.
The electric network represented in Fig. 2 constitutes the

basis on which the battery models presented in this paper are
built. To build usable models there is the need of:

• explicit determination of the functional relations reported
in the scheme, i.e., functional dependence of the’s and

’s on and ;
• determination of a battery thermal model so that, starting

from information on the temperature of the air surrounding
the battery and some computation of the heat generated

Fig. 3. Battery voltage response to a current stepping fromI (constant) to 0.

Fig. 4. Lead–acid battery equivalent network.

internally, the electrolyte temperature (measured for sim-
plicity by a unique value ) can be computed.

The dependence of the impedances of Fig. 2 oncan
be stated implicitly by defining for each of them equivalent

– – networks, whose impedance as a function ofis equal
to the impedance modeled.

III. SIMULATION OF LEAD–ACID BATTERIES

A. Electric Networks

The job of making a specific version of the model represented
in Fig. 2 for a specific type of battery is simplified if there is
somea priori knowledge of operating conditions in which the
parasitic branch is not active (draws a negligible current).

This is the case of lead–acid batteries. In fact, it is well known
that these batteries have a charge efficiency very near to unity
when the battery voltage is well below a threshold on the battery
voltage, which is around 2.3 V per cell.

1) Main (Reversible) Reaction Branch:Under the hypoth-
esis that the parasitic reactions are inactive, and therefore the
parasitic reaction branch shown in Fig. 2 draws no current,
the main branch of the model can be identified by looking at the
battery step responses, measured at different values of state-of-
charge and electrolyte temperature.

A sample battery response to a step current (from const
to 0) is shown in Fig. 3.

Depending on the requested precision, this response can be
approximated by a sum of exponential curves, with different
time constants, plus a term proportional to the step current:

The same response can be obtained subjecting to the same
step current the circuit represented in Fig. 4 (in which the branch
between nodesP andN is neglected), where
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However, as already noted, the elements of this circuit are not
constant, since they depend on the battery state-of-charge and
electrolyte temperature (with a good degree of approximation,
however, the quantities can be kept constant).

In addition, partially deviating from the problem proposition
of Section II, to accurately describe the battery behavior a de-
pendence of the instantaneous value of one of the resistances
on the instantaneous value of the current flowing inside should
be added.

The process of identification is therefore very complex, and
fast increasing with the number of the– blocks considered
in the model.

However, a particular installation of a battery is normally
characterized by a specific speed of evolution of the electric
quantities: e.g., there are installations in which the quantities
evolve very rapidly (e.g. the electric vehicles), and other in
which they are rather slow (many industrial applications).

In all these cases the model is requested to be very accurate
only with specific currents/voltages shapes, and the number of

– blocks can therefore be kept limited (just one or two),
given that the their dynamic behavior is optimized with the more
frequent current/voltage shapes.

If, on the contrary, the same battery is to be utilized in situa-
tions widely different from each other, more blocks are needed
even if this complicates the identification of the numerical
values of parameters.

2) Parasitic Reaction Branch:The parasitic reaction branch
is of the type reported for in Fig. 2.

Experiences conducted on several lead acid batteries, how-
ever, have shown that can be assumed to be a simple resistor,
without dependence on the Laplace variable, and .

On the other hand, a linear model as represented in Fig. 2 is
unrealistic, since the dependence of the currenton the voltage

is strongly nonlinear.
It seems to be therefore better to express this branch in a way

that evidences its algebraic and nonlinear nature, as in Fig. 4.
Electric Network for Modeling Charge and Discharge

Processes:As a consequence of the above considerations a
network able to model both charge and discharge processes is
shown in Fig. 4.

A particularity of the main reaction branch that has not
been discussed yet is that when the battery is nearly full the
impedance of the main reaction branch becomes greater and
greater; this results in an increase of the voltage at the parasitic
branch terminals, which in turn causes a rise of the current.
This phenomenon can be described in the proposed model by
means of the dependence of, on . In particular, a
good interpolation of experimental results is obtained if one
of the – blocks, say the block , is considered as having

and so that approaches to infinity
as far as the battery approaches to a full state.

B. Capacity, State-of-Charge and Electrolyte Temperature

According to what has been previously stated, the battery
modeling requires the identification of several circuit elements
(those reported in Fig. 4) under different values its State of
charge.

Since the definitions of this quantity of different authors are
often different [2], [3], [16], a precise definition of it is needed
before detailing the relationship of the electric elements of the
proposed equivalent networks and the state-of-charge.

To define the battery state-of-charge, a good starting point is
the analysis of the battery capacity as a function of electrolyte
temperature and discharge current.

It is well known that the charge that can be drawn from a
lead–acid battery with a constant discharge current at a constant
electrolyte temperature is higher with higher electrolyte tem-
peratures and lower discharge current. It depends also on the
voltage reached at the end of the considered discharge to mea-
sure the capacity.

At a fixed discharge current,1 (and fixed end-of-discharge
voltage)2 the dependence of the capacity on the electrolyte tem-
perature (expressed inC and supposed constant) can be ex-
pressed with a good approximation by:

(1)

where:

• is the electrolyte freezing temperature that depends
mainly on the electrolyte specific gravity, and can nor-
mally be assumed as equal to C.

• is an empirical function of discharge current and is,
obviously, equal to the battery capacity at 0C;

Obviously, the (1) is such that the capacity tends to zero when
approaches to , since when the electrolyte is frozen the bat-

tery is not able to deliver any current.
Experimental results show [6]–[8] that can be ex-

pressed as a function of a reference currentby:

(2)

where it has obviously been assumed . and
are an empirical coefficients, constant for a given battery and a
given . Eq. (2) gives good results in a wide range of currents
around ; therefore, a good choice of is a current that flows
in the battery for a typical use, e.g., the nominal current,
defined as the ratio of the nominal capacity and the nominal
discharge time . The range of currents for which the (2) gives
good results is sufficiently large so that a unique value ofis
normally chosen for a given battery application.

Eqs. (1) and (2) can be combined into:

(3)

1Positive when exiting the battery, differently from the positive signs indi-
cated in Figs. 1 and 2.

2In particular, according to some international standards (CENELEC EN
60 896-1), 1.8 V/element has been assumed. The charge that can be extracted at
end-of-discharge voltages different from this value can be obtained simulating
the battery behavior by means of one of the models presented in this paper.
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A rapid comparison between (2) and the frequently adopted
Peukert’s equation (cf. [3]):

const

shows that, although more complicated, (2) overcomes the chief
inadequacies of Peukert’s equation, i.e., the lack of considera-
tion of the temperature, and the fact that in correspondence to
low currents it predicts capacities much larger than those exper-
imentally obtainable (up to infinite capacity at zero current).

Equations (1) and (2) have been declared valid when elec-
trolyte temperature and discharge current are constant.

During transients it can be postulated that they are still valid
given that instead of the real battery current a filtered value
of this current is used.

This hypothesis has been experimentally confirmed, and is
assumed in this paper; in particular, good results are obtained
taking where is the current flowing in one of
the resistors (the actual depends on the particular model
considered), and it is , .

When simulating the battery using this model, the capacity
must be on-line adapted to the computed actual electrolyte tem-
perature and average current: .

A per unit measure of the level of the discharge of a battery
has to correlate the charge that has been actually extracted
from the battery starting from a battery completely full with the
charge that can be extracted under given, standard conditions.

In the models proposed in this paper two different numbers
are sued to quantify the level of discharge of the battery:

• state-of-charge

• depth-of-charge

where (supposed that when the
battery is completely full).

The physical meaning of and is quite simple:
while the first one is an indicator of how full is a battery with
reference to the maximum capacity the battery is able to deliver
at the given temperature, the second one is an indicator of how
full is the battery with reference to the actual discharge regime
(i.e., the value of the constant discharge current, or, in case of
variable current the value of ).

1) Electrolyte Temperature:It has been stated in Section II
that the elements of the electric equivalents of electrochemical
have to be computed for each electrolyte temperature. In fact,
since the batteries are extensive components, each electrolyte
point has a temperature of its own.

However, to avoid this additional complexity, in the proposed
model a unique value has been assumed, that is somehow an
equivalent of the whole temperature map.

Then, the dynamic equation that allows the electrolyte tem-
perature computation is, simply:

or, equivalently:

Fig. 5. Equivalent electric network used for the third-order battery model.

where:
is the battery thermal capacitance

is the electrolyte temperature

is thermal resistance between the battery and its
environment

is the ambient temperature i.e., the temperature of the
environment (normally air) surrounding the battery

is source thermal power, i.e., the heat that is generated
internally in the battery

is the variable of the Laplace transform.

When a battery module contains more than one element, a
unique temperature for the electrolyte of the whole module can
be utilized.

C. Model Parameters

It has been previously stated that the battery can be simulated
by electric networks of the types shown in Fig. 4, in which the
numerical values of the elements of these networks have to be
computed for each value of electrolyte temperature and state-of-
charge. Obviously, in practice they can computed only for dis-
crete values of these two quantities, and the values between are
to be obtained by means of some form of interpolation.

To simplify the task, a large amount of lead–acid battery data
have been processed to find analytical functions able to repro-
duce the typical behavior of the elements of Fig. 4, (i.e. e.m.f.’s,

’s, ’s) as function of and/or , and . These func-
tions contain some numerical coefficients (The “model param-
eters”) to be computed based on experimental battery tests.

In the following paragraph, these analytical functions are re-
ported, with reference to one of the possible models that can be
built based on the electric equivalent of Section III-A, i.e., that
in which two – blocks are present.

D. Third-Order Model Formulation

Among the several possibilities given by the modeling tech-
niques described in the previous paragraphs one of the most suit-
able for general-purpose modeling is constituted by:

• an electric equivalent with two – blocks and an alge-
braic parasitic branch (Fig. 5);

• algorithms for computing the state of charge and internal
(electrolyte) temperature

• equations for computation of the elements of the equiv-
alent electric network as function of state of charge and
temperature.
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The assumed state variables are the currentsand , and the
extracted charge and electrolyte temperature. The dynamic
equations of the model are therefore:

where and the other quantities have the previously
reported meaning.

The assumed equations for , , , , are:3

where , , , , , , , are constant for
a particular battery (later some information on how to determine
these numbers will be given). DOC and SOC are as defined in
Section III-B, and the current to be utilized in the expression of
the capacity is .

The behavior of the parasitic branch is actually strongly non-
linear. Therefore it is better to use, instead of, an expression
of as a function of . The following equation can be used,
that matches the Tafel gassing–current relationship [7]

or, equivalently:

These expressions contain the parameters, , , that
are constant for a particular battery. In case of recombination
batteries the Tafel relationship, and therefore the above reported
expression of is valid only up the recombination limit; this is
not a strong limitation since this limit should never be overcome
(otherwise the battery is irreversibly damaged).

Although the strong nonlinearity of the parasitic reaction
branch reduces a lot the physical meaning of e.m.f.and
resistor , it can be written (cf. Fig. 2):

const

The computation of allows the computation of the heat
produced by the parasitic reactions, by means of the Joule law:

. For recombination batteries all the power entering
the parasitic reactions branch, therefore it is .

It is important to note that since during discharge
and , if only the discharge behavior is to be simulated,
the resistor and the whole parasitic branch can be omitted
from the model.

The equations of the proposed model formulation contain
some constants whose numerical values are in principle to be
determined for each battery by means of lab tests. The whole

3Needless to say,273 + � indicates the electrolyte temperature measured in
Kelvin.

set of numerical constants that define all details of the model
for a particular battery is composed as follows.

Parameters referring
to the battery capacity

Parameters referring
to the main branch of
the electric equivalent

Parameters referring
to the parasitic
reaction branch of
the electric equivalent

Parameters referring
to the battery
thermal model

1) Identification of Model Parameters:Given the large of
number of parameters of the proposed model, the complete iden-
tification of all of them is particularly complex. However, the
following considerations apply:

• as already noted for discharge modeling only, , ,
, , do not need to be computed;

• the a dimensional parameters (i.e., , , , , ,
) vary a little among different batteries built with the

same technology, and as a first approximation the values
reported in the Appendix can be utilized;

• when batteries of the same manufacturer and model (and
different nominal capacities) are considered, the param-
eters having the dimensions of a resistance can be ap-
proximately taken as inversely proportional to nominal
capacities.

The problem of individuation of the numerical values of all
the battery parameters, as well as some techniques to reduce the
difficulty of this task, is analyzed in detail in a different paper
that will be soon submitted for publication.

IV. M ODEL VALIDATION

The models presented in this paper have been validated by
means of many lab tests made on lead–acid batteries of several
types (flooded, gelled, Valve-Regulated).

A specialized model for Sodium–Sulfur batteries, based on
the general principles discussed in Section II has also been suc-
cessfully checked with lab tests [11].

The model validation is strictly related to the problem of
model parameters identification, that will be tackled in detail
in a different paper. However, just to give some examples, here-
after the comparison of simulated and measured voltage shape
for two batteries for simple transients is reported.

The considered batteries are:

• Battery 1: valve-regulated lead acid (gelled),
Ah

• Battery 2: flooded lead acid, Ah
The behavior of these batteries can be simulated using the

third-order formulation of the battery models presented in this
paper and the parameters reported in the Appendix.
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Fig. 6. Comparison of simulated and measured battery voltage for a
constant-current discharge up to 1.75 V followed by a period in which the
current is constantly null.

In Fig. 6 the simple transient constituted by a constant-current
discharge up to a element voltage equal to 1.75 V followed by a
period in which the current is constantly null is considered. In all
the plots the voltage of a single battery element, both simulated
and measured are shown.

Fig. 6(a) and (b) refer to battery 1. The current is equal to
58 A for a duration of 8.6 h, then it is 0.

Fig. 6(c) and (d) refer to battery 2. The current is equal to
63 A for a duration of 7.2 h, then it is 0.

Both figures show a good agreement of measured and simu-
lated shapes.

For battery 2, the model is checked also during the charge
process. The comparison of measured and simulated voltage
for a 53 A charge (starting from a completely empty battery)
is shown in Fig. 7.

Fig. 7. Comparison of simulated and measured battery voltage during charge
(battery 2).

Again, a good agreement of simulated and measured curves is
shown, although the model shows some difficulty of integration
when the battery is nearly full.

V. CONCLUSION

• The complex, nonlinear behavior of electrochemical bat-
teries can be conveniently modeled using equivalent elec-
tric networks. Although these networks contain elements
that are nonlinear and depend on battery state-of-charge
and electrolyte temperature, they are very useful for the
electric engineer, since they allow to think in terms of elec-
tric quantities, instead of internal battery electrochemical
reactions.

• The third-order model proposed has an accuracy satis-
factory for the majority of uses; for particular situations
more sophisticated models can be derived from the gen-
eral model structure proposed in the paper.

• The proposed model can be used for several purposes; the
more important fields of application are:

— computer simulation of battery behavior under dif-
ferent operating conditions (possibly containing both
charge and discharge processes);

— management of on-line systems containing electro-
chemical batteries: state-of-charge estimation, battery
monitoring and diagnostics; estimate of residual range
of electric vehicles [12], [15].

• The use of the proposed models, in particular the third-
order formulation, is complicated by the fact that the pro-
posed equations contain several parameters that have to be
identified. This identification can however be simplified a
lot since some of the parameters can be taken as constant
for all the batteries built with the same technology.

APPENDIX

MODEL PARAMETERS USED FORSIMULATIONS

TABLE I
PARAMETERS OFBATTERY 1 (ONLY PARAMETERS NEEDED FOR

DISCHARGESIMULATIONS)
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TABLE II
PARAMETERS OFBATTERY 2 (ALL PARAMETERS)
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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-

Manuscript received September 8, 2000.
The authors are with the Department of Electrical Systems and Automation,

University of Pisa, Pisa, Italy.
Publisher Item Identifier S 0885-8969(02)01511-5.

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

0885–8969/02$17.00 © 2002 IEEE
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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
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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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Las baterías siempre han sido de gran utilidad en la industria.
H dif i ú PFC di lHay diferentes tipos según su uso, en este PFC estudiaremos las

baterías de plomo‐Ácido.

Banco de baterías
industrial

Batería de automóvil Baterías de móviles
industrial
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Con las baterías podemos disponer de la energía cuandoCon las baterías podemos disponer de la energía cuando
queramos.
Son difíciles de modelar con exactitud.Son difíciles de modelar con exactitud.
En este PFC se proponen dos modelo sencillos, que

cometen un error aceptable.co ete u e o aceptab e.
Estas son las piezas mas importantes de una batería.
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Este proyecto basa su estudio en dos modelos
propuestos por:propuestos por:
‐Giglioli, Buonarota , Menga y Ceraolo (4to orden)
‐Massimo Ceraolo y Stefano Barsali ( 3erorden)
Los modelos fueron presentados en artículos deLos modelos fueron presentados en artículos de

publicaciones científicas.
El i d ll l ñ ( to d ) lEl primero de ellos en el año 1990 (4to orden), el

otro ( 3erorden) en el año 2000 y 2002.
En ambos modelos se hace una analogía eléctrica

de los fenómenos internos de la bateríade los fenómenos internos de la batería.
6/28



Circuito eléctrico  del modelo:
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Diagrama de Bloques del Modelo:
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Ecuaciones  algebraicas del Modelo:
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Ecuaciones diferenciales  y calculo de parámetros de la batería:
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Circuito eléctrico  del modelo:
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Diagrama de Bloques del Modelo:
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Para los ensayos hemos utilizado:

‐Batería de el proyecto

C   l ó i   bl‐Carga electrónica programable

Di iti  d  d ió   t áti‐Dispositivo de desconexión automática

Tarjeta de adquisición de datos‐Tarjeta de adquisición de datos

Fuente de tensión regulable‐Fuente de tensión regulable

‐Multímetro‐Multímetro
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Nos hemos basado en la hoja de características para
decidir las intensidades de descarga.

Hemos reproducido las descargas C100, C10, C5, C3 y C1.p g , , 5, 3 y
Además se han hecho dos descargas adicionales, una de

10 A y la otra de 20 A.y
Los ensayos de carga no los pudimos realizar a intensidad

constante.
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DESCARGA TIEMPO (s) INTENSIDAD C(I,θ) (Ah)

C1 3309 86,684 79,7493C1 3309 86,684 79,7493

C3 10280 39,0316 111,9696

C5 16250 27,0868 123,2329

C10 28960 15,7365 126,7222

C100 268020 2,1851 160,3446

10 A 44055 10,1011 123,6124

20 A 19735 19,9443 109,3613
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DESCARGA C10 CARGA DE LA BATERIADESCARGA C10 CARGA DE LA BATERIA
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Se han simulado las mismas descargas que en los ensayos.
Con el modelo de tercer orden también se ha simulado la cargaCon el modelo de tercer orden también se ha simulado la carga

de la batería, aunque no se obtienen buenos resultados.
Ajuste de los modelos se hecho con la ayuda de un fichero deAjuste de los modelos se hecho con la ayuda de un fichero de

Matlab.
L d á á t bti di t j t lLos demás parámetros se obtienen mediante un ajuste manual

hasta conseguir que las curvas se aproximen.
l d l d d h d l d CEl modelo de tercer orden se ha ajustado para la descarga C10.

El modelo de cuarto orden se ha ajustado para la descarga C3.
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Se han hecho las comparaciones para así validar los modelos.p p

TERCER ORDEN, hemos definido dos intervalos de intensidades:
‐El primero es 10 A< Id <20 A, en este intervalo de intensidades el
modelo comete un error máximo con el ajuste que hemos hecho de
un 1 5%un 1,5%.
‐El segundo es 2,18 A< Id <39 A, en este intervalo se comete un
error máximo de un 5%error máximo de un 5%.
‐Vemos que a medida que ampliamos el intervalo el error aumenta

CUARTO ORDEN, solo hemos estudiado un intervalo amplio,
centrado en la descarga C3:
‐ El intervalo es 20 A< Id <87 A, con un error máximo de un 2%.
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Modelo de tercer orden & ensayo: descargas C10, 10 A y 20 A.
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Modelo de cuarto orden & ensayo: descargas C1, C3 y C5y g 3 y 5
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H lid d di t i l ió b d lHemos validado mediante ensayo y simulación ambos modelos.

MODELO DE 3er ORDEN es preciso si no estamos en un rango
l d d damplio de intensidades.

El de 3er orden puede valer si no queremos mucha precisión pero si
que funcione en un intervalo bastante amplio.

El modelo de tercer orden no vale para cargas a intensidad variable, elode o de te ce o de o a e pa a ca gas a te s dad a ab e, e
error es muy elevado.

MODELO DE 4to ORDEN es adecuado cuando necesitamosMODELO DE 4to ORDEN es adecuado cuando necesitamos
precisión y descargas muy dispares.

H bi id i t t l i l bl lHubiese sido interesante solucionar los problemas con la rama
parasita para poder simular la carga, no se ha hecho por falta de tiempo.

l d h l d l b dPor lo tanto considero que se han cumplido los objetivos de este PFC.
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M h   i       ióMuchas gracias por su atención
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