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(57) ABSTRACT 

A method for determining the state of charge of lead-acid 
rechargeable batteries comprising a) substantially simulta 
neously measuring measured-value pairs (Ui, Ii) of the 
rechargeable battery voltage and current ?owing at time ti 
over time interval dt, b) selecting a group of said measured 
value pairs (Ui, 1,) for Which only a discharge current ?owed 
in the last time interval dt, c) varying parameters Uo, R and 
C such that a residual sum of squares betWeen values Ui 
given by formula (1) 

Ui= U0+R *1,+1 /C [1dr (1) 

and measured values U(ti) is minimized, Wherein Uo rep 
resents no-load voltage, R represents resistance and C rep 
resents capacitance, and d) calculating the state of charge of 
the rechargeable battery from the no load voltage obtained 
from formula 
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METHOD FOR DETERMINING THE STATE OF 
CHARGE OF LEAD-ACID RECHARGEABLE 

BATTERIES 

FIELD OF THE INVENTION 

[0001] This invention relates to a method for determining 
the state of charge of lead-acid rechargeable batteries by 
estimating their no-load voltage during active operation in a 
vehicle. 

BACKGROUND 

[0002] It is desirable to determine the present state of 
charge of a rechargeable battery for numerous applications. 
If the present state of charge at a speci?c time is knoWn, then 
the change in the state of charge can be deduced by 
continuous measurement of the current flowing, and by 
integrating it. HoWever, the validity of the present measured 
value deteriorates to an ever greater eXtent due to the 
measurement uncertainty linked to this method, so that the 
state of charge reading must be reset from time to time using 
a different method. 

[0003] In the case of a lead-acid rechargeable battery, 
assessment of the present no-load voltage of the recharge 
able battery is highly suitable for this purpose since it is 
directly linked to the state of charge (as discharging contin 
ues, sulfuric acid is consumed from the electrolyte, and the 
no-load voltage of the lead-acid rechargeable battery is 
directly dependent on the acid density). HoWever, to do this, 
the rechargeable battery is operated Without interruption for 
a certain time, during Which time the current flowing must 
be less than a very loW threshold value. This is because the 
lead-acid rechargeable battery produces its no-load voltage 
only in the (virtually) unloaded state, While its voltage in 
some cases differs greatly from this When charging or 
discharging currents are ?oWing. 

[0004] Depending on previous history, even in the 
unloaded state, it often still takes a long time for the internal 
state of the rechargeable battery to reach its equilibrium 
value, and for the voltage to reach its no-load value. Even 
With modern rechargeable batteries, the period of phases 
Without any current flowing required after previous charging 
phases and at loW temperatures is very long, in some cases 
from several hours up to a number of days. 

[0005] Thus, in operating modes Without such long phases 
With no current flowing, the method of measuring the 
no-load voltage for determining the state of charge is in 
general suitable only to a limited eXtent. One eXample of this 
is the starter rechargeable battery in a motor vehicle Where, 
often, only stationary times of a feW hours or, for eXample, 
When used in taXis, virtually no stationary times at all occur. 
At room temperature and above, the present no-load voltage 
Which Would be obtained if the current Were sWitched off 
brie?y is itself a good measure of the real no-load voltage of 
the rechargeable battery. 

[0006] DE-19643012 A1 speci?es a method in Which 
no-load voltage values Uo from the Zero crossings of the 
current flowing through the rechargeable battery are used to 
drive the voltage regulation of the generator. This method 
places relatively stringent demands on the measurement 
electronics. The ?oWing current generally passes through 
the Zero point very quickly, making interpolation necessary, 
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Which can be achieved only With difficulty due to the 
non-linearities of the current/voltage curve at loW currents. 

[0007] Thus, it Would be advantageous to provide a 
method Which alloWs a conclusion to be draWn about the 
present no-load voltage of the rechargeable battery, as Well 
as an estimate to be made of the no-load voltage While the 
rechargeable battery is on load, Without arti?cially interrupt 
ing operation. 

SUMMARY OF THE INVENTION 

[0008] The invention relates to a method for determining 
the state of charge of lead-acid rechargeable batteries includ 
ing a) substantially simultaneously measuring measured 
value pairs (Ui, Ii) of the rechargeable battery voltage and 
current flowing at time ti over time interval dt, b) selecting 
a group of the measured-value pairs (Ui, Ii) for Which only 
a discharge current ?oWed in the last time interval dt, c) 
varying parameters Uo, R and C such that a residual sum of 
squares betWeen values Ui given by formula (1): 

[0009] and measured values U(ti) is minimiZed, Wherein 
Uo represents no-load voltage, R represents resistance and C 
represents capacitance, and d) calculating the state of charge 
of the rechargeable battery from the no-load voltage 
obtained from formula 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a graph of applied current and voltage 
response of a battery over time. 

[0011] 
[0012] FIG. 3 is a graph of applied current and voltage 
response of a battery over time. 

[0013] FIG. 4 is a graph of applied current and voltage 
response of a battery over time. 

FIG. 2 is a graph of voltage versus battery capacity. 

DETAILED DESCRIPTION 

[0014] The method according to the invention essentially 
comprises tWo steps, namely, determination of the voltage 
Uo Which the battery Would have if the load Were brie?y 
disconnected and, folloWing this, a calculation of the state of 
charge from the no-load voltage obtained in this Way. 

[0015] In the method according to the invention, a large 
number of measurement points are assessed, thereby alloW 
ing scattered data to be dealt With better and accuracy to be 
considerably improved. 
[0016] The instantaneous no-load voltage is obtained by 
regularly measuring measured-value pairs (Ui, Ii) of the 
present voltage and current at substantially the same time, 
and by using an equaliZation calculation to match these to a 
resistance relationship having a number of free parameters. 
One of the parameters is an approximation to the present 
no-load battery voltage U0. The conventional mathematical 
sign rule for battery currents is used in the folloWing teXt: 

[0017] Charging currents for the rechargeable battery 
are regarded as positive currents, and discharge 
currents are regarded as negative currents. 

[0018] In the method according to the invention, a selec 
tion is made from measured-value pairs (Ui, Ii). The goal in 
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this case is to ensure that non-equilibrium states of the 
electrodes Which result from previous charging phases have 
already been dissipated since the use of measured-value 
pairs (Ui, Ii) from such states Would lead to corrupt results. 
In particular, the measured-value pairs (Ui, Ii) Which are 
used are those Which lie in a discharge phase, that is to say, 
for Which the present current and the current from the 
previous measurement are less than Zero. Furthermore, care 
is taken to ensure that a previous charging phase (With 
current values greater than Zero) is suf?ciently far in the past. 

[0019] A resistance rule in the folloWing form has been 
proven for the determination, according to the invention, of 
the instantaneous voltage for Zero current from a number of 
measured-value pairs (Ui, Ii): 

U;=Uo+R*I;+[a *Ifarc sin h(I;/IQ —a*I;]+1/C]Idt. (2) 

[0020] U0, R, a, IO and C are in this case the parameters to 
be varied. R and a are resistance, IO and Ii are current 
intensity, C is capacitance, and U0 represents the no-load 
voltage determined using this algorithm. 

[0021] The term With the parameters a and IQ takes account 
of non-linearities and is required, in particular, in the event 
of major current changes. OtherWise, for simplicity, it can 
generally be omitted. The last part of the equation takes 
account of capacitive effects in the battery due to integration 
of the current Which has ?oWed. This results in a simpli?ed 
equation: 

[0022] Wherein UO R, Ii and C are the same as in equation 
(2). If there is any scattering in the measured values or noise 
is superimposed, the systematic signals are, of course, 
appropriately large to achieve suf?cient accuracy. Determi 
nation of the correlation coef?cients betWeen current and 
voltage can provide information relating to this. 

[0023] Thus, in the method according to the invention for 
estimating the present no-load voltage of a lead-acid 
rechargeable battery: 

[0024] measured-value pairs (Ui, Ii) of the recharge 
able battery voltage and the current ?oWing at time 
ti are recorded at the same time at time interval dt, 
With the only value pairs Which are considered being 
those for Which only a discharge current ?oWed in 
the last time interval, 

[0025] then, using a group of measured-value pairs 
(Ui, Ii) selected in such a Way, parameters Uo, R and 
C are varied such that the residual sum of squares 
betWeen the values Ui given by the formula 

[0027] ?nally, the state of charge of the rechargeable 
battery is deduced from the voltage obtained in this 
Way. (In this case, R is resistance, C is capacitance 
and U0 represents the no-load voltage determined 
using this algorithm.) 

and the measured values U(ti) is minimiZed, 

[0028] The folloWing formula is used to Work With greater 
accuracy: 

[0029] (In this case, R and a are resistance, Ii and i0 are 
current intensity, C has the dimension capacitance and U0 
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represents the no-load voltage determined using this algo 
rithm.) In a further re?nement of the method, UO determined 
from equations (1) or (2) is compared With previous values 
in time, and the only value pairs (U, I) Which are considered 
are those to Which the folloWing relationship applies: 

[0030] The limit Dgr per cell is selected from the range 
6V/Qo to —6V/Qo, preferably subject to the condition 
Abs(Dgr)§1V/Qo. Qo is in this case the capacity of the 
battery. 

[0031] It has been proven that the calculated Uo With one 
or tWo adjacent values should be averaged once again, With 
equation (3) being used only then as a criterion to decide 
Whether these values Uo are suitable for use as a point of 
origin for determining the no-load voltage. 

[0032] Alternatively, there should be a suf?ciently long 
previous discharge phase (With a current of less than Zero) 
before measured values are taken, to be precise such that the 
amount of charge Q'discharged during this period is at least 
equal to the amount of charge Q+introduced during a pre 
vious charging phase (With a current greater than Zero). If 
required, an amount of charge Q may even be deliberately 
discharged to achieve this aim. 

[0033] The amount of charge Q'required for this purpose 
is, from experience, not more than about 2-3% of the battery 
capacity. It is thus suf?cient to discharge an amount of 
charge corresponding to Q_<2-3% of the battery capacity to 
reach the pure discharge region. 

[0034] An estimate of the maXimum amount of charge 
Q'required for this purpose from a starter rechargeable 
battery With a rated voltage of 12V and a battery capacity Qo 
is: 

[0035] Where U is the battery voltage measured during a 
short current pause. 

[0036] Aparticularly advantageous special case according 
to the invention occurs When the (negative) overvoltage 
occurring While discharging the amount of charge Q'is on 
average greater than the (positive) overvoltage Which occurs 
during the previous charging. The time interval from Which 
the measured-value pairs (Ui, Ii) are taken is selected, for 
eXample, such that the state of charge in this period is 
reduced by less than 5%, and preferably by less than 2%, of 
the battery capacity. 

[0037] The parameters obtained in carrying out the equal 
iZation calculation (including the instantaneous no-load 
voltage) may in general be dependent on the state of charge 
and the battery temperature. These parameters should, there 
fore, change as little as possible during the phase from Which 
the measured-value pairs (Ui, Ii) are selected. If necessary, 
the duration of the phase may need to be limited appropri 
ately. The estimation of the duration is based, for eXample, 
on the change in the state of charge Which occurs and is 
detected by integration of the current Which has ?oWed. 

[0038] Furthermore, it is desirable for the accuracy of the 
method for the discharge current for the selected measured 
value pairs (Ui, Ii) not to be constant, but to change as much 
as possible. In this case as Well, an appropriate selection of 
the measured-value pairs (Ui, Ii) used can be made or, 
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alternatively, changing current loads may be deliberately 
applied. In addition, according to the invention, the mea 
sured data detection can be synchronized to sWitching on 
and off electrical loads, in particular, pulsed loads to achieve 
the desired effect. The method according to the invention 
also applies to the starting process poWered from a battery. 

[0039] The selection of the measured-value pairs (Ui, Ii) 
used for matching to the function (1) or (2) is thus made such 
that the ?oWing (discharge) currents Ii are not constant but, 
for example, have changes at least on the order of magnitude 
of about 0.01 A per Ah of battery capacity. 

[0040] The measured data detection and the sWitching on 
and off of loads, in particular, With pulse-controlled loads, 
are synchroniZed in such a Way that measured-value pairs 
(Ui, Ii) With different current intensities Ii are obtained. 
SWitching on and off loads may also be provoked, to be 
precise in such a Way that measured-value pairs (Ui, Ii) With 
different current intensities Ii are obtained. 

[0041] The method can be supplemented by assessment of 
the voltage response after a previous charge, by observing 
the change over a period of time and then, if this is beloW 
a loWer threshold value, using the present voltage measured 
value as an approximate value for the no-load voltage. If this 
condition is not yet satis?ed, then the deliberate controlled 
discharge mentioned above is carried out. The mean current 
?oWing during the discharge phase should not be too high, 
to avoid creating reneWed inhomogeneities in the electrodes 
and in the electrolyte. 

[0042] Another procedure, Which is highly advantageous 
in practice, is for the preselection of the measurement points 
initially to be based on the limitation of a negative (that is 
to say discharge) current, and then to carry out the parameter 
adaptation, and then to select the values to be used, from the 
value Uo obtained in this Way, in accordance With a crite 
r1on. 

[0043] That is to say, those measurement points Which Will 
?nally be used to determine the state of charge are selected 
after their suitability has been checked. 

[0044] It is thus advantageous to proceed in such a Way 
that the no-load voltage Uo at the time tn, calculated using 
the formula (1) is compared With that obtained for a previous 
time tn_1. In this case, the only values of U0 used for 
calculation of the state of charge are those for Which only a 
slight dependency has been found betWeen the voltage U0 
and the amount of charge ?oWing betWeen the times tn and 
tn_i. These are values for Which: 

[0045] The limit value Dgr is selected from the range 
6V/Qo to —6V/Qo per series-connected cell of the recharge 
able battery, preferably subject to the condition Abs 
(Dgr)§1V/Qo per series-connected cell. O0 is in this case 
the capacity of the battery. 

[0046] It is also possible to select from the values Uo 
determined according to the invention, only those values for 
Which the linear regression to the values Uo plotted against 
the converted charge has a trend Which is less than Dgr, 
Where Dgr per battery cell is selected from the range from 
6V/Qo to —6V/Qo, preferably subject to the condition Abs 
(Dgr)<1V/Qo. 
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[0047] A further improvement in the accuracy of the 
calculation is obtained in that the state of charge value SOC 
(to) obtained in this Way at a speci?c time tO for determining 
the state of charge is linked to the general time t by means 
of other methods for determining the state of charge or else 
by means of methods for determining the change in the state 
of charge ASOC (to, t) in the time from tO to t, in Which case 
ASOC (to, t) is advantageously calculated from the con 
verted amount of charge determined by integration of the 
current ?oWing through the rechargeable battery. 

[0048] In a further embodiment of the invention, the 
erroneous state of charge values SOC obtained at dif 
ferent times ti are linked by means of other methods for 
determining the erroneous state of charge values or by 
means of methods for determining the erroneous change in 
the state of charge ASOC (to, tin) in the time from ti to tin, 
and a present state of charge value SOC is thus determined, 
With this value being obtained by using a minimiZation 
method, preferably the least square errors method. 

[0049] The voltage values Uo obtained may also be com 
pared With a limit value Uo-min, With undershooting being 
indicated and/or an action being taken. The limit Uo-min is 
selected such that it corresponds approximately to the equi 
librium voltage of the rechargeable battery after its rated 
capacity has been draWn. 

[0050] In summary, the procedure according to the inven 
tion is as folloWs: 

[0051] 1. Measure the voltage U(t) and the current 
10) 

[0052] 2. If I(t)>0, then the measurement is rejected, 
return to 1; otherWise 

[0053] 3. If the previous measurements I (t-1) , I 
(t-2), . . . >0, return to 1; otherWise 

[0054] 4. Apply equation (1) or (2) to a set of value 
pairs U, I, and thus obtain Uo 

[0055] 5. (OPTIONALLY: form the average over a 
number of U0 obtained in this Way, provided there is 
no measured value Where I>0 inbetWeen) 

[0056] 6. Apply equation (3) and con?rm Whether the 
discharge is in the region Where there is little rela 
tionship betWeen the voltage and the amount of 
charge draWn; if no, this is rejected, return to 1; 
otherWise 

[0057] 7. Use Uo to calculate the state of charge via 
the relationship for voltage, electrolyte concentration 
and state of charge. 

[0058] The method Will be explained in more detail in the 
folloWing text With reference to Examples 1 to 5 and FIGS. 
1 to 4. 

EXAMPLE 1 

[0059] FIG. 1 shoWs the typical pro?le of the current and 
voltage for a vehicle battery When driving in a toWn. This is 
a six-cell lead-acid battery With a capacity of 48 Ah. The 
battery state of charge is approximately 70%. 

[0060] The parameters in equation (1) Were applied to this 
driving cycle and adapted With the simpli?cation a=0 and 
io=0. The values obtained for all the U0 are entered as 
circles in FIG. 1. 
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[0061] FIG. 2 shows the selection of the points U0 Which 
may be suitable for determining the state of charge. The 
usable values are located Where the curve has a ?at pro?le. 
It is preferred that the values be averaged and the criterion 
of equation (3) then be applied. The values Uo Which remain 
after applying the criterion of equation (3) With Dgr=0.1 are 
shoWn in FIG. 3. 

[0062] The result shoWs that, in this example, the no load 
voltage Uo can be determined after draWing approximately 
1 Ah. A no-load voltage level of approximately 12.4 V is 
obtained. For this speci?c battery, this results in a state of 
charge of approximately 67% from the relationship betWeen 
the no-load voltage and the state of charge, Which is a good 
match to the initial value of approximately 70% minus the 
approximately 1.5 Ah draWn in the meantime. 

EXAMPLE 2 

[0063] In operating phases Where there is little dynamic 
variation in current, states With a changing current intensity 
may be provoked to make it possible to use the method 
according to the invention. For example, as a changing load 
from a battery With a rated capacity of, for example, 80 Ah, 
a current With an amplitude of 20 A is sWitched on and off, 
for example, every 3 seconds for a time period With a 
duration of, for example, 30 s and the voltage and currents 
are recorded using a measurement clock cycle of, for 
example, 0.5 s. After this period, a further current ?oW (for 
example a constant current of, for example, 5 A resulting 
from normal operation) can be draWn until the total amount 
of charge draWn is approximately 0.25 Ah. The above 
changing load is then repeated for a further 30 s. 

[0064] After evaluation of the voltage/current pairs for 
each changing load, a total of 6 matching parameters remain 
(the 5 parameters Uo, R, a, I,, C from equation (2) as Well 
as q), Which must be stored in the long term. It is advanta 
geous for this procedure to be repeated more frequently. 

[0065] From tWo such phases With a changing load, the 
?rst stage is to deduce Whether the measurement points Were 
usable and, if yes, then to use them to estimate the no-load 
voltage. If the signals have higher-frequency superimposed 
elements, a measurement clock cycle of 0.5 s is not suf? 
cient. In this case, it is advantageous to use a measurement 
clock cycle of 0.1 s, for example, for recording and to 
average the results, for example, every 1 s (“loW-pass 
?lter”). 

EXAMPLE 3 

[0066] The method according to the invention is suitable 
in certain operating conditions to deduce the present no-load 
voltage Uo(tO) of the rechargeable battery at time to and, 
from this, to deduce its state of charge SOC (to) even When 
current is ?oWing to or from the rechargeable battery. 
HoWever, its use may not be possible in other operating 
conditions since the preconditions are not satis?ed. 

[0067] In order to make it possible to deduce the present 
state of charge in these general cases at time t as Well, it is 
Within the scope of the invention for a link to be made to 
other methods for determining the state of charge. For 
example, in this case, advantageous methods include meth 
ods for determining the change in the state of charge ASOC, 
for example, by integration of the current I ?oWing in the 
time from tO to t. 
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In this case, by Way of example: 

EXAMPLE 4 

[0069] The method according to the invention is suitable 
in certain operating conditions to deduce the present no-load 
voltage Uo(tO) of the rechargeable battery at the time to and, 
from this, to deduce its state of charge SOC (to) even When 
current is ?oWing to or from the rechargeable battery. 
Furthermore, as in Example 3, a link can be made to 
methods for determining the change in the state of charge 
ASOC. Both the determination of the state of charge SOC(tO) 
and the determination of the change in the state of charge 
ASOC are, hoWever, subject to a measurement error, Which 
is composed of the uncertainty in the measurements of the 
voltage and time and any other error sources. 

[0070] If the present state of charge SOC is determined 
repeatedly, for example n times, at different times t. (i=1, 2, 

. . , n) during continuous operation and the change in the 
state of charge ASOC (to, ti+1) betWeen these times is also 
determined, then this results in an overde?ned problem. 

[0071] It is Within the scope of the invention to use a 
minimiZation method to calculate a state of charge and, thus, 
to reduce the errors mentioned above. The precision of the 
method is in consequence increased the greater the number 
of independent determinations of the state of charge that are 
possible. It is likeWise Within the scope of the invention for 
a link to be made to other methods for determining the state 
of charge, to increase the number of independent determi 
nations of the state of charge. 

EXAMPLE 5 

[0072] At relatively loW temperatures (<0° C.), there is a 
noticeable discrepancy betWeen the calculated U0 and the 
no-load voltage of the rechargeable battery Which Would be 
produced after a long Waiting time. HoWever, U0 is a 
valuable parameter even in these cases. It has been found 
that Uo can be used as an early Warning for a battery voltage 
Which Will soon collapse With a constant medium load. 

[0073] FIG. 4 shoWs a representative example, in Which 
the voltage response U of a battery is plotted against the 
applied current I. This pro?le contains sloW current changes 
as Well as current changes Which correspond approximately 
to a frequency of 1 to 0.3 HZ. One example of this is denoted 
I_. The relatively rapid current changes are used for evalu 
ation. In FIG. 4, the U0 values determined in accordance 
With the method according to the invention are shoWn as 
large circles. If, for example, Uo falls beloW the value 
Uo-Uo min=11.5V/6 cells, the voltage Will collapse very 
soon. It has been found that, in general, approximately 10 to 
20% of the battery capacity is then still available. 

What is claimed is: 
1. A method for determining the state of charge of 

lead-acid rechargeable batteries comprising: 

substantially simultaneously measuring 

a) measured-value pairs (Ui, Ii) of the rechargeable 
battery voltage and 

b) current ?oWing at time ti over time interval dt, 
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selecting a group of said measured-value pairs (Ui, Ii) for 
Which only a discharge current ?oWed in the last time 
interval dt, 

varying parameters Uo, R and C such that a residual sum 
of squares betWeen values Ui given by formula (1) 

Ui= U0+R *I;+1/C [1dr (1) 

and measured values U(ti) is minimiZed, Wherein U0 
represents no-load voltage, R represents resistance, Ii 
represents current intensity and C represents capaci 
tance, and 

calculating the state of charge of the rechargeable battery 

from the no load voltage obtained from formula 2. The method as claimed in claim 1, Wherein parameters 

Uo, R, a, i0 and C are varied such that a residual sum of 
squares betWeen values Ui according to formula (2) 

U;=U0+R*I;+[a *ifarc sin h(Ii/iO)—a*Ii]+1/C?dt (2) 

and measured values U(ti) is minimiZed, Wherein Uo, R, 
Ii and C are the same, i0 is current intensity, and a 
represents resistance. 

3. The method as claimed in claim 1, Wherein selected Uo 
are compared With previous values in time, and Wherein only 
values Uo Which satisfy formula (3) 
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are used, Wherein the limit Dgr per cell is selected from 
the range 6V/Qo to —6V/Qo, and Q0 is capacity of the 
battery. 

4. The method as claimed in claim 1, Wherein the only 
measured value pairs (Ui, Ii) Which are used are those in 
Which Ii<0 and for Which the folloWing condition has been 
satis?ed since a last measured value With a positive current 
and a time interval dt With a positive contribution Q+to the 
state of charge: the magnitude of Q‘is either greater than the 
magnitude of Q", or the magnitude of Q'is greater than 
about 2% of the battery capacity, Where Q‘represents an 
(discharged) amount of charge Which has been draWn since 
a last measurement point With a positive battery current in an 
uninterrupted discharge phase, and Q+is an (charged) 
amount of charge Which has been introduced in a latest 
uninterrupted (charging) phase With a positive battery cur 
rent. 

5. The method as claimed in claim 1, Wherein measure 
ment of data and sWitching on and off of loads are synchro 
niZed such that measured value pairs (Ui, Ii) With different 
current intensities Ii are obtained. 

6. The method as claimed in claim 1, Wherein sWitching 
on and off of loads is timed such that measured value pairs 
(Ui, Ii) With different current intensities Ii are obtained. 

* * * * * 


