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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- I 1<
scribed in a previous paper can be utilized in practice. Two main - ' ..
issues are opened by that paper: 1) The paper does not supply I R,
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 ()Em
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. Fig. 1. Lead-acid equivalent network for both discharge and charge.

Index Terms—Batteries, modeling, parameter estimation.
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N THIS PAPER, the lead-acid battery model family de- Battery | Q.
scribed in detail in [11] is rapidly reported for reader’s 0, Model |

convenience ’ 8
’ B

The model can be represented by an equivalent electric net-

work reported in Fig. 1, along with the dynamic equations rep—

Pictorial description of model interaction with the external world.
resenting the charge storage process and the electrolyte heatifi: ~ctorial description of model interaction with the external wor

t tery current as inputs, and the battery voltage as well as the ex-
Qe(t) :/0 — I (7)dr tracted charge and electrolyte temperature as outputs.
o 0—6. It is in principle possible to determine all the parameters
O Ry Py starting from a set of lab tests of a real battery, i.e., discharges
and charges at different values of currents and environment
where temperatures and a digital simulator of the model.
Qe so-called “extracted charge,” i.e., the charge |f v, (¢) indicates the measured voltage shape of a given

that has been actually extracted from the batteggst, and/, (¢, p) indicates the simulated voltage referring to the
starting from a battery completely full (batterysame input signals and a given set of paramegtemnderr is

full whent = 0); a measure of the error between the two shapes, the elements of
Co andR, battery thermal capacitance and resistance, r\§3ectorp could in principle be obtained by solving the equation
spectively;
P, heating power generated inside the battery by
conversion from electrical or chemical energy. err (V,,(t), V(¢,p)) = min. 1)

It has to be remembered that the resistanBgsand ca-

pacitancesC} shown in Fig. 1 are function of the batteryExamples of error functions are

state-of-charge and electrolyte temperature. The equations | (oiT
defining these parameters are reported in the Appendix. err (z(t), y(t)) :\/ / —y(t))* dt
Il. | DENTIFICATION OF MODEL PARAMETERS BY LAB TESTS mean quadratic difference (2)
. . . 1 ti+T
I_n the d|agr§m of Fig. 2 the battery model is globally de- err (x(t), y(t)) :T/ |z(t) — y(t)|dt
scribed as having the environment temperatiyrand the bat- 1
mean absolute difference 3)
Manuscript received September 8, 2000. In practice, however, because of the great number of elements
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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).

Itis 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 C)E 4
paragraphs under some assumptions, generally satisfied, on the
model structure.

Once the elements g¢f are computed, aarr function such
as those reported in (2) and (3) can be used to check the validity

of the results. Fig. 3. Lead-acid equivalent network valid during discharge process.
A. Parameters Referring to the Battery Capacity temperature coefficient = (1/C)(9C/96), assumed to be
The battery capacity is defined in the model by the followin§onstant.
equation (see also Appendix): According to the hypothesis of a constant to ob-
. tain a capacity at a different temperature and equal
K .Cy- (1 + _LQ[) current of a given valueC(I,#6,), the simple relation
C(L, )1 p=const = Y (4) C(1,6) = (1 + aAG)C(I,6y) can be used.
1+ (K. —1) (1_) In all cases, the currents and temperatures to be chosen to

in which  is the electrolyte temperature (i€, supposed con- perf_orm the ngts should be representative of the possib_le op-

stant within the battery and during the discharge) &hdCy,., €rating conquns foreseen for the batte.ry. In fact, even if (4)

0, ¢, 8, I* are parameters to be identified. interpolates quite well the batt_er_y beh_awor under wide ranges
Itis apparent that during real-life lab tests, even if performélf currents and temperatures, it is obvious that for cur_rents and

in climatic chambers, the electrolyte temperature is different jfmperatures very far from those used for parameter interpola-

different electrolyte points and varies along with time as wefion nonnegligible errors can occur.

For the purpose of interpolation of capacity parameters, hoy- . . .

ever, tes?s cgn be made Snder constan[c3 amgiepnt temperature\g('ngararmm:“rs Referring to the Main Branch of the Electric

the temperaturé to be considered in (4) is an average of th quivalent

electrolyte temperature. The average is to be in principle car-Consider the generic circuital representation of lead-acid bat-

ried out over space and time. In practice the time-average ofesy reported in Fig. 1.

single point temperature is sufficient. In [11], that describes the model in detalil, it has been stated
This single point temperature, in case of flooded batteries tRat the so calle®arasitic Reaction Branch.e. the branch in

the temperature measured in a point chosen so that it reaség-electric circuit reported in Fig. 1 betwe£rand N, draws a

ably reflects the average electrolyte temperature. For the mégiiceable current only during the charge process (and at the end

complex case of VRLA batteries, experimental tests performe@#it). Therefore, for the analyzes of tests in which only battery

by the authors have shown that for the purpose of the interpofischarge is involved, it can be neglected. This is very useful in

tion of parameters of (4) the single-point temperature can be dbat it simplifies a lot the process of parameter identification.

tained by measuring the temperature of one of the battery pinsConsider the discharge model represented in Fig. 3, in which,
The interpretation of the parametEr in (4) is quite simple it has to be remembered, the resistanBgsand capacitances

as a consequence: it is a reference current able to make the basigre function of the battery state-of-charge and electrolyte

of the power tas an adimensional number. It is therefore red€mperature; in addition, each particular battery is characterized

sonable to assumE = I,,, or, more generally, to equél to by a set of parameters that define the particular shape of these

a value representative of the typical usage of a given batteryfunctions
An experimental determination of the remaining five param-

eters would require, under the hypothesis normally acceptable £ =E(50C,0,p.)

of assigning to the electrolyte freezing temperature the value Ry =Ry (SOC, 0, pri)

6; = —35°C, at least four tests made using two different (con- Cr =Cr(SOC, 8, per) 5)

stant) currentd; and/, and two different temperatur@s and

6,. If the equation of the capacity is utilized in conjunction witt®r, if it is assumed;, = R;Cj,

the four couplesiy, 8,), (11, 63), (I2,61), and(Is, 62) and the

related measured capacities, a system of four equations in the E =E(50C,0,p.)

four unknownsCy-, K., £, and§ is determined. If more tests Ry, =Ry (SOC,0,px)

are available, the same parameters can be more effectively com- Ty =T (SOC, 8, ps1) (6)

puted considering all tests and choosing the set of parameters

that minimizes the error between measured and computed ¥here

pacities. * p. is the vector containing the details of the particular
Often the battery manufacturer gives information about the battery considered with reference to the electromagnetic

dependency of the capacity on the temperature by means of the force;
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4 gebraic systemn

— " { Ro-peg = Ro(SOCheg, Obeg: Pro1, Pro2)

Voltage
V2_ y RO-beg = RO(SOCbega ebega p1‘01ap1‘02)-
4 ) . .
Current v * i1, Pek2, @andp,.1 with £ > 0 can be determined consid-

I 3 ering the voltage transient aftee= £ and determining the
T

set of parameters that causes the transient to be best fitted,
e.g., minimizing, according to what is stated in Section I,
some error measure such as the mean quadratic difference
or the mean area difference. The maximum valuermfist

be chosen according to the considerations reported in Sec-
* prk» Pek, and pyi are vectors containing the details of tion VI. Therefore, the total drop;—V, will be shared

Fig. 4. Typical voltage and current profile for a constant-current discharge.

the particular battery considered with reference toitine among the resistancég, with £ > 0. Depending on the
resistance and capacitance, respectively. order chosen for the model and on the fitting criterion, the
In the remainder of this paragraph reference is made to (6) value ofV,, needed to calculate the parametgrg and
instead of (5). pro2 related toRy, will be affected.
The identification is particularly simplified if the following It is important to note that in the third order model formu-
conditions can be assumed. lation proposed in [11] the above-reported two conditions that

1) Vectorsp,, pro are constituted by two elements each. enable the simplified parameter identification are met. In partic-
2) Vectorsp,, pw With & > 0 are constituted by a singlemar’ the electrical parameter definition equations are

element.
E, =F, — Kg(2 1-
Under these assumptions, (6) becomes mmo £(273+0)(1 = SO0)
Ro =Rl + Ao(1 — SOC)|

Ry =— Ry 111(DOO) 11 = 110 = const

E =E(SOC.0.pe1,pe2) Fo = Fo(5OC. 0. pro1, proz) in which, obviously, it can be assumed

Ry, =Ry (SOC, 0,pr11) Tr = T1(SOC,0,px1) k > 0.(7) Pet =Emo  pe2 = Kp
pro1 =Roo  proz = Ao
in which the numbers at the left hand of the equal signs are to pri1 =Ri0  pr1 = Tio.

be experimentally evaluated by suitable tests. Fthis f lation i d. estimating the electrolvte t
A good test is, for instance, is the one pictorially represented IS formufation 1S assumed, estimating the electrolyte tem-

in Fig. 4. This test, to be carried out in a thermostatic room perature of (7) is not an issue. In fact, in this case the tempera-
to be prepared as ,follows "ture appears only in the e.m.f., and this equation is utilized with

) ) measures taken at the beginning of the discharge (Whenl%)
1) First, the battery is fully charged.

and at the end of the stabilization period (whHér= V;) so that

2) Then, the battery is kept disconnected from any externgl, gjectrolyte temperature can be assumed to equal the room
circuit and the complete stabilization of the voltage is Sfemperature.

pected (this phase may last several hours).
3) The actual test is composed of measuring of the initig. Parameters Referring to the Parasitic Reaction Branch of
voltageV; (that can be assumed to be equal to the elegre Electric Equivalent

tromotive force corresponding to the condition of battery The parasitic reaction current has been expressed as a func-

full and the actual electrolyte temperature). ___ tion of the parasitic branch voltagé y and the electrolyte tem-
4) Executing a constant-current discharge for a duration eratured

5) Registering the subsequent transient up to the complgte

stabilization of voltage, so that the stabilized voltdge v

. . PN

can be equalled to the battery electromotive force. I, = VpnGpoexp VoraAi=? )
The parameters of (7) can be determined as follows. PO Por

* pe1 andp.o can be directly determined by measuring the The identification of the constants of this equation, (&,
voltage at the beginning and the end of the test (kg., V,0, 4, canbe obtained by means of tests made when the battery
and V1) under the assumptions that they are numerically completely full, and relating the voltage and current at the
equal to the e.m.f.s at the beginning and the end of the tesittery pins and the temperature. In fact, when the battery is
(the relevant values &fOChe; andSOC.,q Ccan be easily completely full it can be assumed that, ~ 0 (see Fig. 1),
evaluated). The electrolyte temperature can be estimated from the ambient

* pro1 @andp,.o2 can be directly determined measuring théemperature.

“instantaneous” voltage drop during the current fronts, , ,
The electrolyte temperature can be measured directly in case of flooded bat-

Which determind“_zo'beg = (VO - VQ)/I’ Eo'end = (V4 ~ teries, or (ift is not too large) approximately assumed equal to the temperature
V3)/I: they are simply obtained by solving thex2 al-  of one of the battery pins in case of VRLA.
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TABLE |
MANUFACTURER' S DATA FOR THE BATTERIES CONSIDERED IN THISPAPER
Battery C1[Ah] C; [Ah] Cio=Ca [Ah] 8.[°C} Veod [V] a[°Ch
Battery1 221 366 500 20 1.80 0.0085
Battery2 227.5 357 540 25 1.80 0.01
However, several lab tests have shown [6] that it can be as- TABLE I
sumed, fOfVIm — 2.4 V/element PARAMETERS REFERRING TO%A$:\(|ZSITI\D(AI;CI;I; THE BATTERIES CONSIDERED
o ~ o
I,(30°C) =~ 101,,(20°C). Battery 41°C] : 5 A Co [AR]
Battery 1 -35 0.468 1.80 1.098 404.7
Battery 2 =35 0.600 1.01 1.723 390.7

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®ah finally . andé are obtained using values of capacity at
be derived experimentally or obtained from the manufacturefSUrrents! different fromz,,

It must be noted however that, differently from all other pa-
rameters, the thermal resistance depends on the installation of

K.Co (14 %)

the battery in the room. In particular, the relative position of the C(I,6,) _
- . . yUn )I,6=const — 5"
monoblocks (battery modules) within a battery pack is very im- 14+ (K, —1) (IL)
portant, since it strongly influences the surface in direct contact
to the free air surrounding the battery pack. If alarger number of experimental tests is available it is advis-

Approximate estimates of the parameters can be obtaineddhye to exploit all the data available and choose a set of param-
means of the usual techniques for heat transfer problems, bastenits that minimizes the error between measured and computed

on the battery mass, shape, case material, etc. capacities.
In some cases the manufacturer supplies data about the bat-
IIl. | DENTIFICATION OF MODEL PARAMETERS USING tery internal resistance. To exploit these data for the parameter
MANUFACTURER S DATA identification of the proposed model it is important to know the

The techniques described in the previous paragraphs for id@foPted measuring technique. Two measures are relevant.
tifying the battery model parameters require several lab tests to* Measure by means of the “instantaneous” voltage drop
be performed. subsequent to a current step (i.e., something similar to

Obviously, to make such tests some devices able to keep con- V2—Vo or V3 — V4 in the plot of Fig. 4). In this case, the
stant the current (e.g., by on-line changing the resistance of a Mmeasure is immediately useful to identify the parameters
resistor connected to the battery) and the temperature (thermo- 0f Ro.
static chamber) are needed. Therefore, these tests are costly anti Measure made according to the IEC 896-1 and IEC 896-2
complex. standards. In this case, the result of the measure is not

When it is not possible, for technical or economic reasons, immediately exploitable.
to make these tests, an approximate estimate of some of thed& some cases, however, the IEC resistance can be utilized by
parameters can be determined with simple computations fréfgans of a trial-and-error simulation cycle:

the battery data supplied by the manufacturer. — use atentative set of resistance parameters;
The most readily usable data from the manufacturer are re—  simulate the IEC procedure for measuring the internal
lated to the battery capacity. resistance, read the IEC resistance on the simulation
Normally constant-current discharge capacity at different results;
currents and end-of-discharge voltages are supplied. In addi——  correct the tentative parameters;
tion, the manufacturer often supplies some information on the—  repeat the cycle until satisfactorily results are obtained.
dependence of the capacity on the temperature, often in termsSince the proposed thermal model is the simplest dynamic
of a “temperature coefficient” value = (1/C)(0C/d6). model (linear, first order), when data is available, it is imme-
If, as often done by manufacturetsis assumed constant, thediately exploitable. If no data is directly available, estimates of
following relation can be easily obtairfdzetweere ando thermal capacitance can be drawn considering composition of
the battery interior (plates, electrolyte). The internal resistance
e =a(b, —bf). (8)

can be computed starting from information on the physical and
geometric characteristics of the battery case.

The paramete€- is then obtained by ‘ ) .
The thermal time constant (thermal capacitance times thermal

0 \° resistance) can be experimentally obtained as follows.
C{,,0,)=Co |1+ — i .
—0y » The battery is kept in an oven at a constant temperature
2t is sufficient to evaluatex = (8C/d6)/C using the formulation of (e.g., 10°C above the ambient temperature) up to the

C(1,6) given by (4) and evaluate the resulting formula in the pofit 6., ). thermal equilibrium.
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TABLE Il
DATA OF THE DISCHARGE TESTS FOR THEASSESSMENT OF THEPARAMETERS OF THEELECTRIC COMPONENTS OF THE TWCBATTERIES (SEEFIG. 4)

Battery 144 vy 2744 vy Vivj Oona T 147 L

Battery 1 2.165 1.965 2.06 1.790 1.890 26 58 8.494

Battery 2 2.115 1.995 2.01 1.788 1.905 26 63 7.197
TABLE IV As already noted, these parameters identified from manufac-

PARAMETERS REFERRING TO THEMAIN BRANCH OF THE ELECTRIC

turer’'s data give only first information on the parameters valid
EQUIVALENT FOR THE BATTERIES CONSIDERED IN THISPAPER

for a given battery. Corrections are expected to be necessary and
Battery E[V] | K:[mVPC] | RwmQ] | 40 | RuImQ] | Twlsl  Can be made once the whole set of parameters is identified, and
Battery 1 2.165 0.782 1.810 -0.056 0.386 7200 H H H H
Battery 2 Sis 083 oo Tome oz 17000 Simulations of some experimental test are made, according to

what has been said in Section II.

TABLE V B. Parameters of the Electric Components
PARAMETERS REFERRING TO THETHERMAL MODEL FOR THEBATTERIES L . epr .
CONSIDERED IN THISPAPER As already noted, it is generally very difficult (or even impos-
sible) to determine the parameters of the electric components
Baﬁffy"f"’ Themat capactionce (WPE] | Thermalestance O starting from manufacturer’s data. The process to be followed
Battery 2 20 06 is therefore necessarily the one described in Section II. This

process has been followed on the two batteries considered in

o ] _this paper, and the results are shown in Tables Il and IV.
» Thenitis put atthe ambient temperature, and the evolution

of the electrolyte temperature is registefed. C. Parameters Referring to the Battery Thermal Model
» Based on the registered temperature behavibest fit

) The parameters referring to the battery thermal model have
time constant can be computed.

been identified according to the technique suggested in Sec-
tion 11-D: the time constant with the oven test and the capaci-
tance starting from the battery composition and the thermal ca-
Some checks of the validity of the proposed battery modeé#citances of the different battery parts (plates, electrolyte, sep-
have already been presented in [11]. However, in that case,atator, etc). The results are reported in Table V.
indication was given on how the numerical parameters used in
the model were computed. D. Results
Hereafter, on the contrary, the validity of the proposed model Using the above parameters some transients have been simu-
is experimentally verified in conjunction with the proposeghted for both the batteries.
techniques for identifying the model parameters. Fig. 5 shows the matching obtained in the test performed for

The considered batteries are the same considered in [11], igasameter identification according to the rules indicated in Sec-
Battery 1 valve-regulated lead-acid (gelled);, = 500 Ah; tion II-B.

IV. EXAMPLES OF PARAMETER |IDENTIFICATION

Battery 2 flooded lead-acid(o = 540 Ah. On the other hand, Fig. 6 shows the results obtained by
_ comparing simulation and lab measures using a completely
A. Capacity Parameters different, highly informative, test case, consisting of a sequence

In Section II, a technique to derive some of the model p&f constant-curren{Cs) discharges followed by rest periods
rameters from manufacturer data, thus avoiding specific exp#t-which the current is zero. While the results of Fig. 6 are,

imental test is proposed. obviously, slightly less precise than those of Fig. 5, they are
The manufacturer’s data of interest for the batteries consgfill good. . . .
ered in this paper are reported in Table I, in whi€h, Cs, The interpolation set can be improved by repeated simula-

Cio are, respectively, the capacity at one, three, ten hour dii@ns and progressive modifications of some parameters. This

charge, all measured at the temperatiand considering the however would require, in absence of a specialized, complex

end-of-discharge voltagé..q (Volts per element). computer program, a human operator with knowledge of the
Normally the freezing temperature is in the ranggathematical structure of the equation parameters, while in this

(—30,—40)°C. Considering for both batteriesfg = —35°C ~Paper a more automated procedure has been chosen. .

it is immediately obtained (8); = 0.468, 5 = 0.600. Work is in progress to produce a computer program to which
Capacity parameters have been calculated using the threes¢ificient skill is given so that the “repeated simulations and

pacity values given by the manufactueh = C(11,6,,),Cs = progressive modifications of some parameter” is automated.

C(1s,6,,), Ci1o = C(l10,6,)) and assessing a fourth value

C(110, 8,, + AB) starting from the knowledge @f. The results V. SIMPLIFIED PARAMETER IDENTIFICATION

obtained are reported in Table II. As it has been seen in Section IV, the number of the parame-

3Again, direct measure is possible for flooded batteries, estimates of the eIEFc[s of the cop3|dered battery model, and thatin principle should
trolyte temperatures are possible using the battery pin temperature. be identified is very large. It has also been seen that only a small
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22 2.2
Vivid VIVH
2.1 2.1. Battery 2

1.9- Simulation 1.9 Simulation
1.84 1.8 1
17 1.7
4] 3 6 9 12 ¢fh] 15 0 3 [} 9 12 m 15

Fig. 5. Comparison between measured and simulated discharge transients for battery 1 and battery 2 (voltages versus time).

2.2 2.2
12V 8 imulation Vvl Test Test
2.17 211 i
2.01 Battery 1 2.01 Battery 2
1 [Test ]
1.9 . i 1.99 Simulation
Simulation . .
J 4 Simulation
18 - 1.8
0 10 20 30 t[h] 40 0 10 20 30 tfh] 40

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

241 § 2104
V[Vl v IVH

2021 2.00-

163 4 i

1000 Ah 1.801 500 Ah
184 1 250 Ah 1 (Battery 2) 2000 Ab
1.801 h)
178 500 Ah (Battery 1) | 1000Ah
0 2 4 8 8 10 12 14 16 0 2 4 6 8 10 12 14 16
t{h] th]

(@) (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 manufacadel.and m
(b) Flooded of the same manufacturer and model.

part of them can be inferred from the usually published manilike all the voltage profiles shown in Fig. 7(a) and (b) can be
facturer’'s data. simulated starting from the parameter interpolations of battery
This is an obstacle in the use of the model, although it is drand 2, and modifying only a very small number of parameters.
almost automatic consequence of the complexity of the battéryfact, making modifications only to parametetsy, R10, Ao
behavior. andCy- and making trivial modifications on the thermal model
An idea to reduce the complexity of the parameter identifparameters the behaviors of Fig. 7 can be well matched. Just
cation is to try to exploit similar behavior of batteries having to give an example, Fig. 8 shows the matching of simulation
similar construction. and experimental data of 1000 Ah batteries using the modified
In Fig. 7, the voltage responses to a current step (of the typegframeters reported in Table VI.
Fig. 4) of different batteries of the same family are shown. The The thermal model parameters have been varied according to
numerical value of the current used is equal to dhecurrent these rules.
(current that, according to the manufacturer’'s documentation, « The thermal capacitance is taken as proportional to the
should discharge the batteries in eight hours). nominal battery energyE,, = C,, x V,,).
It is easily seen that there exists a nonneglectable dispersione The thermal resistance is taken as proportional to the bat-
of behavior of different kinds of batteries. However, it looks tery module external surface.
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2.2 22
4\ VIV
211 Battery 1 - 1000Ah 21
Test ]
2.0 2.0
1 Simuiation 1
1.91 1.91 Simulation
1.8 1.81 N
1.7

' . ' ‘ 1.7

0 3 6 9 12 ¢ 15 0 3 6 9 12 th] 15
Fig. 8. Comparison of measures and simulations using simplified parameter interpolation (voltages versus time).

TABLE VI

PARAMETERS MODIFIED TO MAKE SIMULATIONS MATCHING EXPERIMENTAL Vvl
RESULTSWITH MINIMUM |IDENTIFICATION EFFORT 2.10r

Single exponential interp.
Battery Type Roo[mQ] | R [mQ] | 4o Cy [AN] T

eelled 500Ah (battery 1) 1.81 0.386 0.056 | 404.7

eclied 1000 Ah 1.10 0.150 2040 | 898 2.08
flooded 500 AR (battery 2) 1.67 0.647 0236 | 390.7

flooded 1000 Ah 0.80 0.180 0236 | 868

2.061 Measure, double and triple exponential interp-

Therefore, the real number of parameters that has to be idet

tified in practical cases is reduced. sout )

b r

VI. CHOICE OF THE TYPE OF MODEL FOR A 2.02

PARTICULAR PURPOSE 0 50 100 150 200, [m]250

The proposed battery models differ to each other by the @
number ofR — C blocks utilized (Fig. 1). The level of accuracy vVl i " ’ " " N
obtainable from different numbers of these blocks can be in- 210F
ferred considering the last part of the voltage transient reported
in Fig. 4, i.e., the one after the tinfe ] single exp. interp.

Fig. 9(a) and (b) shows an example of such a transient as 2081
measured in a lab test, compared with the response of models
having 1, 2, and & — C blocks. The values aRk;, — C;, used
for simulations are computed so that the error, measured by a  2.06
mean quadratic difference (2) is minimized.

The two figures show the same transient, but with different
time scales. 2047

Itis clear from Fig. 9(a) and (b) that a generic repetition of the
experimental behavior in the whole time range, the single expo- 202 . )
nential interpolation, corresponding to a sinfle- C block can 0 0.1
be acceptable, and the two exponential interpolation appears to
be rather good. Also, the details of the voltage response, par- (b)
ticularly difficult to follow especially in correspondence of cur-ig. 9. Comparison of different degrees of precision of the different considered
rent steps, shows that the three exponential interpolation (thfale!s (voltages versus time).

R — C blocks) could be the right choice.

Rather obvious, the more complex the battery model, the
more difficult the parameter identification; in addition it must ¢ The electrical engineer needs reliable models of the
be noted that the repeatability of battery performance is limited;  electrochemical batteries, especially lead-acid batteries,
therefore a model that is able to reproduce a set of experimental to perform the task of system design and simulation. The
results, with a high degree of precision, not necessarily will  recent increase in the use of batteries in power systems
repeat the same performance when other tests are available. makes this need stronger.

Therefore itis felt that it is useless to consider models having ¢ In this paper, the practical implications of the utilization
more than threé? — C blocks. of the models presented in [11] are discussed and practical

I two exp. interp.

triple exponential

02 ¢im} 0.3

VII. CONCLUSION
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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 computae
tional effort have been proposed, that still offer a satisfyi
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 4
different levels of precision, give a useful contribution to [
simplify this task; in particular the third-order formula- [3]
tion, while offering accurate results, is still manageable in [4]
terms of computation and parameter identification efforts. [5]

[6]
APPENDIX
EQUATIONS DEFINING THE MODEL PARAMETERS 7]
Battery Capacity as a function of the discharge curfesmd
electrolyte temperaturg 8]
K.Co- 4+ b [91
C(1,6) = (1)
L+ (K- 1) (£)°
(Kc, Co+,e,6,I",6; are constant parametgrs  [10]
State-Of-ChargeSOC = 1 — Q. /C(0,6).
Depth-Of-ChargeDOC = 1 — Q./C(lavg, 8) (lavg is the  [11]

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

Ep = Epo — Kg(273 4 6)(1 — 50C).

m0

Note: Needless to sag73 + ¢ indicates the electrolyte temper-
ature measured in Kelvin (K).

Ro =Roo[1 + Ao(1 — SOO)]
Rl = — RlO 1H(DOC)
eXp[A21(1 — SOC)]

Ry =R
2 20 1+exp(422[ )
71
C =L
=R,

Ve
o ()

whereE, o, K, Roo, Ao, Rig, Roo, Ao, Asa, 11, Gpo, Vpo,
A,, 85 are constant parameters.

I, =VpnGpoexp
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