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METHOD OF AND APPARATUS FOR
ESTIMATING THE STATE OF CHARGE OF A
BATTERY

[0001] The present invention relates to a method of and
apparatus for estimating the state of charge in a battery based
on a measurement of the voltage at the terminals of the
battery.

[0002] Hitherto, attempts have been made to estimate the
state of charge of a battery using current sensors to monitor
the flow of current into and out of a battery. However, in for
example an automotive environment, the sensor may need to
be responsive to the low currents drawn when a vehicle is
parked, for example by the alarm system and the clock,
whilst also being able to accurately measure the currents
drawn during starting of the vehicle when the user may, for
example, be seeking to start the vehicle with its lights on
thereby giving rise to both the lighting load current and the
starter motor current. Thus the current measuring apparatus
may be required to accurately measure currents as low as 1
mA or less while also being able to accurately measure
currents in excess of 250 amps. Additionally, the current
sensing element must not give rise to any significant voltage
drop in the electrical system. These stringent requirements
limit the accuracy of current based battery state of charge
monitors. Furthermore during charging a small portion of
the current is effectively wasted by being involved in gassing
reactions within the battery. However during discharging
current efficiency is nearly 100%. Therefore integrating
current flow tends to overestimate the state of charge of a
battery. Furthermore, an open circuit battery is subject to
self-discharge even though no external current is flowing
and this self-discharge current reduces the state of charge of
the battery in a similar manner to an external discharge
current.

[0003] By contrast, the voltage across a battery only varies
over a range of a few volts. However although the terminal
voltage of a battery is easy to measure accurately, it has
hitherto been difficult to reliably correlate this to the state of
charge of a battery.

[0004] 1t has conventionally been the case that, if the
battery had sufficient charge in it or if the car could be jump
started, then it was drivable. However, the automotive
industry is moving towards electrical steering and braking
systems and as a result there is a need to be able to measure
battery charge in order to confirm that the steering and
braking systems can function correctly.

[0005] According to a first aspect of the present invention,
there is provided a method of estimating the state of charge
of a battery, the method comprising the steps of:

[0006] 1. Monitoring the voltage at the terminals of
the battery;

[0007] 2. Comparing the measured battery voltage
with an estimate of the internal voltage of the battery
in order to obtain an over-voltage;

[0008] 3. Supplying the over voltage to a fraction
function in order to obtain an estimate of the rate of
change of proportional state of charge of the battery.

[0009] 1t is thus possible to provide a model that can
estimate the rate of change in the proportional state of charge
of a battery based solely on the measurement of a voltage at
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the battery terminals. This can be integrated to obtain an
estimate of the fractional or proportional state of charge.

[0010] The model estimates the proportional state of
charge of the battery, that is whether the battery is fully
charged, half charged, 10% charged and so on. It does this
without the need for knowledge of the total charge capacity
of the battery. This move to estimating the fraction of charge
remaining in a battery is advantageous as it allows the
system to estimate the relative state of charge of the battery
without needing battery specific information.

[0011] Preferably a first fraction function is used when the
over voltage is positive. The first fraction function may be
held in a mathematical form for curve fitting or may be held
as a look up table for ease of implementation.

[0012] The first fraction function may advantageously be
represented by a quadratic or a cubic function. Higher order
functions may be used to represent the first fraction function
more accurately but may also incur an increased computa-
tional overhead.

[0013] Preferably a second fraction function is used when
the over voltage is negative. Most preferably the second
function is represented by a family of second functions.
Each second function is advantageously a function of the
proportional state of charge of the battery. The members of
the family of second functions may be a linear function of
over-voltage.

[0014] Preferably the fraction function is also a function of
a battery temperature. The battery temperature may advan-
tageously be used as part of discharge calculations, charge
rate calculations and equilibrium voltage calculations,
anomalous voltage calculations and lead sulphate area cal-
culations.

[0015] Preferably the output of a rate of change of state of
charge calculator is provided to an integrator which inte-
grates the rate of change of state of charge to derive a
measure of a change in charge and sums this with an
historical estimate of the state of charge to derive a estimate
of the present state of charge of the battery.

[0016] Preferably the estimate of the state of charge is
available as an output from a battery monitoring device.

[0017] Preferably the estimate of the state of charge is
provided as an input to an equilibrium voltage model which
calculates the equilibrium voltage for the battery. This
estimate of equilibrium voltage is provided as an input to a
model for estimating the internal battery voltage.

[0018] Preferably the rate of change of state of charge
estimate is also made available to an anomalous voltage
calculator.

[0019] Advantageously the anomalous voltage is mod-
elled as a hysteresis function. Preferably the hysteresis is
modelled as a rhombic shape. The anomalous voltage then
moves between the minimum and maximum values as a
linear function of the amount of charge transferred into or
out of the battery.

[0020] Preferably the model also includes a first battery
chemistry model which estimates the contribution from one
or more chemical processes within the battery. Advanta-
geously the first battery chemistry model is arranged to
estimate the amount of PbSO, covering the battery plates.

IPR2026-00380
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This estimate may advantageously also be a fractional
estimate (that is expressing the coverage as a fraction or
proportion of the total plate area). The estimate of PbSO,
depends on the state of charge of the battery and also on the
recent operating conditions experienced by the battery. In
particular the rate of change of charge during discharge, i.e.
discharge current, changes the ability of a battery to accept
charge. It has been observed that a battery can be recharged
more quickly when it has recently been rapidly discharged.
This is attributed to the lead sulphate deposition deposit
having a larger surface area when the discharge current is
large. The first battery chemistry model assumes that at, say,
50% state of charge, half the plate area is covered and half
the active material of the plate is exposed, but that the true
surface area of the PbSO, (in fractional or absolute terms) in
contact with the acid depends on preceding discharge cur-
rent and that this true surface area decreases with time.

[0021] According to a second aspect of the present inven-
tion, there is provided an apparatus for estimating the state
of charge of a battery, the apparatus comprising a data
processor responsive to a measurement of the voltage across
a battery, and for performing the method according to the
first aspect of the present invention.

[0022] Preferably the data processor is also responsive to
a measurement of battery temperature which may be made
by a temperature sensor in thermal contact with the battery.

[0023] According to a third aspect of the present inven-
tion, there is provided a computer program product for
causing a data processor to perform the method according to
the first aspect of the present invention.

[0024] The present invention will further be described, by
way of example, with reference to the accompanying draw-
ings, in which:

[0025] FIG. 1 is a schematic diagram of an apparatus
constituting an embodiment of the present invention;

[0026] FIG. 2 is a graph of the equilibrium voltage of a
battery versus state of charge;

[0027] FIG. 3 is a graph showing voltage fluctuations
during charge and discharging cycles;

[0028] FIG. 4 is a graph illustrating the effect of stabili-
sation on the open circuit terminal voltage;

[0029] FIG. 5 is a graph showing charge current versus
state of charge for charging at a clamped charge voltage.

[0030] FIG. 6 is a graph showing variation of anomalous
voltage with respect to acid concentration;

[0031] FIG. 7 schematically illustrates the internal func-
tionality of the rate of charge of state of charge estimator;
and

[0032] FIG. 8 schematically illustrates a data processor
for implementing the model;

[0033] FIG. 9 is graph illustrating how polarisation volt-
age varies with respect to current;

[0034] FIG. 10 is a graph illustrating how an ohmic
fraction of polarisation varies with over voltage;

[0035] FIG. 11 is a graph showing the form of the current
discharge limit with state of charge;
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[0036] FIG. 12 is a graph showing how specific area of
lead sulphate varies with discharge rate in the model;

[0037] FIG. 13 is a graph showing the comparison of
estimates from the model and real state of charge of a
battery; and

[0038] FIG. 14 is a graph illustrating the effect of dis-
charge current and delay on acceptance of a charge current.

[0039] The response of a battery in both the short term and
long term to charging and discharging is complex. The
following discussion describes some of these responses such
that the complexity of the task is not underestimated.

[0040] A number of prior attempts have been made to
estimate the state of charge of a battery. FIG. 2 is a graph
illustrating the battery voltage versus the state of charge.
With no current flowing the equilibrium terminal voltage of
a battery, as represented by chain line 40 is almost a linear
function of a state of charge of the battery. Indeed, many
workers have studied the way in which voltage changes with
acid concentration and temperature using both battery and
electrode measurements, see for example “Storage Batter-
ies” by G W Vinal, John Wiley & Son, 4" edition,1955
tables 39 and 40, pages 192 and 194.

[0041] Although the relationship between state of charge
and equilibrium voltage is fundamental, it cannot be used in
practice in order to estimate the state of charge of a battery
as it can take days or weeks for the battery voltage to settle
to the true equilibrium voltage.

[0042] FIG. 2 also shows that, during discharge, the
battery voltage falls below the expected equilibrium voltage
whereas during charge the battery voltage rises above the
equilibrium voltage. The discrepancy between the measured
voltage and the equilibrium voltage is largest at the fully
charged and fully discharged conditions. It also varies with
the rate at which the battery is charged or discharged.

[0043] FIG. 3 illustrates the results of an experiment to
analyse the build-up and decay of over-voltage within a
battery. In a first portion of the test, generally designated 50
the battery was cyclically charged at 6 amps for fifteen
minutes and then left open circuit for fifteen minutes. This
was repeated for nine hours. The battery charger included a
voltage clamp preventing the battery terminal voltage rising
above 14.7 volts. As can be seen, starting from time zero, the
terminal voltage during charging rises from approximately
13.4 volts to the clamp voltage after 4 hours and then
remains clamped. Whilst the battery is open circuit, the
terminal voltage has also risen from approximately 12.6
volts at the beginning of the test to around 13.2 volts towards
the end of the charging cycle after nine hours, and appears
to be assymptoting towards a value of about 13.3 volts or so.
The difference between the measured battery voltage at the
end of the open circuit period, and the corresponding equi-
librium voltage represented by the line labelled 52 repre-
sents the battery voltage anomaly. Thus, in the first nine
hours, the battery voltage had not quite settled to the steady
state value during each fifteen minutes open circuit period,
however it is clear that the open circuit voltage is greater
than the fully equilibrated voltage. Indeed, this voltage
anomaly was present at time zero and increased with the
number of ampere-hours of charge. In an extra run, the fully
charged battery was left open circuit for nine hours by which
time the open circuit battery voltage had decayed to 13.1

IPR2026-00380
Tesla EX1039 Page 15



US 2004/0119445 A1l

volts. The equilibrium voltage for this battery was measured
at 12.5 volts so the anomalous voltage after nine hours was
0.6 volts.

[0044] During a second half of the test, generally indicated
54 the battery was intermittently discharged at 6 amps for
fifteen minutes and then left open circuit for fifteen minutes
in a repeated manner. During the discharge phase, the
voltage when 6 amps of discharge current was flowing was
approximately 0.4 volts lower than during the open circuit
periods. However, this experiment gives little insight into
the contribution of the various polarisation mechanisms that
contribute to the voltage drop.

[0045] FIG. 4 is a graph representing the open circuit
voltage of a battery undergoing intermittent discharge with
and without stabilisation. The equilibrium voltage of a
battery is represented by the solid line 60. It is well known
that, given sufficient settling time, the open circuit voltage
decays to the equilibrium value. However, tests demonstrate
that during an intermittent discharge of the type shown in
FIG. 3, the anomalous voltage gradually reappeared, as
represented in region 62, and then the open circuit voltage
for the remainder of the discharge was the same as for a
freshly recharged battery.

[0046] FIG. 5 illustrates the results performed from a
charging test where the charge voltage was clamped at 14.7
volts. As can be seen, as the end of the charging process is
approached the charge current diminishes. The current is
limited by the availability of active material to convert but
the relationship is non-linear.

[0047] FIG. 6 is a graph showing how the battery voltage
varies as a result of the anomalous voltage in both charging
and discharging at currents of 3 amps and 6 amps with
differing states of charge as determined by the changing acid
concentration.

[0048] FIG. 14 shows that the rate at which a battery can
accept charge is affected by the rate of the previous dis-
charge and the time that has elapsed between the end of
discharge and the start of the charge. The rate at which the
battery voltage increased during charging at 12 amps
depended on the rate of the preceding discharge. The small-
est discharge current, 3A was followed by the highest rate of
voltage increase on charging and the 50A discharge had the
lowest rate of voltage increase.

[0049] However, allowing a delay of 25 hours after a 50A
discharge increased the rate of voltage increase to a level
similar to that following the 3A discharge without a delay.

[0050] Although the recharges only lasted for one minute,
other workers, for example Sharpe and Conell (“Low tem-
perature charging behaviour of lead-acid cells”, T F
SHARPE, R S CONELL, Journal of Applied Electrochem-
istry, 17 (1987), 789-799) have shown that the effect persists
throughout the recharging period.

[0051] Scanning electron microscope studies (“Dissolu-
tion and precipitation reactions of lead sulfate in positive
and negative electrodes in lead acid battery”, ZEN-ICHIRO
TAKEHARA, Journal of Power Sources, 85 (2000), 29-37)
have shown that the size of lead sulphate crystals deposited
falls as the discharge current increases. The resulting greater
surface area is believed to reduce the polarisation during
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subsequent charging. Presumably, the area decreases again if
the battery is left in the open circuit condition.

[0052] In“Lead Acid Batteries” by H Bode, (ISBN 0-471-
08455-7, John Wiley & Sons, 1977, page 136), equation 154
lists the five types of polarisation that can make up the total
polarisation of an electrode:

h=hth+hg+h+h,
[0053] where

[0054] h, is the charge transfer (or activation) polari-
sation which varies with the logarithm of the current;

[0055] h, is the reaction polarisation—insignificant in
both positive and negative electrodes of a lead acid
battery;

[0056] h, is the diffusion polarisation that varies
linearly with small currents but ultimately increasing
the applied overvoltage does not change the current
because it is limited by a diffusion process;

[0057] h, is the crystallisation polarisation that is
associated with the formation of supersaturated solu-
tions and varies with the logarithm of the current;
and

[0058] h, is the ohmic polarisation associated with
the resistance of the acid and the active materials and
as the name suggests varies linearly with current.

[0059] A problem with prior art models is that the contri-
butions over various causes of polarisation or voltage devia-
tion could not be estimated until the current was known, but
the current could not be calculated until the sum of the
polarisation mechanisms was known. Solving these alge-
braic loops sometimes cause the model’s estimate of current
to oscillate.

[0060] The current model, using a fractional state of
charge concept overcomes this algebraic loop problem.

[0061] During discharging the fraction of total over-volt-
age due to ohmic polarisation is estimated. As the ohmic
resistance is treated as constant, the current can be directly
calculated from the estimated ohmic polarisation. The appli-
cant has found that the fraction of the total polarisation
attributable to the ohmic part increases linearly with the total
polarisation. As is shown in FIG. 10, the slope of this
fraction with the total polarisation has been found to be
dependent on the state of charge with small slopes at high
states of charge and low states of charge and a maximum
slope at around 50-60% state of charge.

[0062] During charging, the ohmic fraction passes through
a maximum as the over voltage increases, but does not vary
significantly with the state of charge.

[0063] FIG. 1 is a schematic representation of an appa-
ratus for estimating the state of charge of a battery. As
shown, a volt meter 2 is connected across the terminals of a
battery 4 and provides a reading of the battery voltage to a
voltage input V of a data processor 6.

[0064] In system terms, the output of the volt meter 2 is
provided to the non-inverting input of a first summer 8. The
inverting input of the first summer 8 receives an estimate of
internal battery voltage from an internal voltage estimator
10. An output of the first summer is supplied to a voltage
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input of a rate of change of state of charge calculator 12. The
rate of change of state of charge calculator 12 may also
receive an input from a temperature sensor 14 provided in
intimate contact with the battery 4. An output of the rate of
change of state of charge calculator 12 is provided as a first
system output 16 representing the rate of change of the state
of charge of the battery with respect to time. The output from
the rate of change of state of charge calculator 12 is also
provided to a delay function 13 that outputs the rate of
change of state of charge from the previous calculation cycle
of the model. The delay function overcomes the calculation
problem that the rate of change of state of charge requires an
input of overvoltage but the overvoltage calculation is
dependent on the rate of change of state of charge. Adding
a delay has a negligible effect on the output of the integrators
for anomalous voltage, state of charge and lead sulphate area
as they change little in a single calculation cycle. The output
of the delay function is provided to an input of an integrator
18 which integrates the rate of change of the state of charge
and which combines this with a previous estimate of the
state of charge held in a memory 22 in order to obtain an
estimate of the charge held in the battery. The estimate of
state of charge is provided at a second output 24 of the
system.

[0065] An output from integrator 18 representing the state
of charge is also provided as an input to an equilibrium
voltage estimator 26 which uses the estimate of the state of
charge of the battery to determine what the terminal voltage
of the battery should be if it had been left for a prolonged
period with no current flow to or from the battery.

[0066] As shown in FIG. 2, the equilibrium voltage
depends on the concentration of sulphuric acid and may be
calculated with the following equation:
EQUILIBRIUM VOLTAGE=0.0001419*conc*conc+
0.001452*Temp+0.036729*conc+11.1403
[0067] Where temperature Temp is expressed in degrees
Celsius.

[0068] The relationship between sulphuric acid concen-
tration and state of charge is described in the prior art
literature and is graphically represented in FIG. 2.

[0069] The acid concentration may also be related to the
state of charge via an expression

conc=conc (0%)+SOC(%)/100*(conc (100%)-conc

(0%))
[0070] The sulphuric acid concentrations at 0% and 100%
state of charge (conc (0%) and conc(100%)) are character-
istics of the particular battery being modelled.

[0071] The concentrations conc (0%) and conc (100%)
can for simplicity be treated as constants. However, if it is
desired to provide a model which copes with ageing batter-
ies then it would be better to treat the above concentrations
as variables in order to account for changes due to sulphation
and paste shedding. The above concentrations may also vary
between differing battery types.

[0072] An output of the equilibrium voltage calculator 26
is provided to a non-inverting input of a second summer 28.

[0073] The output of the delay function is also provided as
an input to an anomalous voltage calculator 30 which
provides an output to a second input of the second summer
28. An example of the build-up and decay of an anomalous
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voltage is shown in FIG. 6. The lower line in FIG. 6 shows
how the equilibrium voltage changes with sulphuric acid
concentration. The two curved lines show experimental
values of open circuit voltage measured during interruptions
to periods of charging and discharging. During charging
(upper line) an anomalous voltage builds up in excess of the
equilibrium value, approaching a steady value of about 0.6
volts in this case. The top line shows the equilibrium value
offset by 0.65 volts. During discharge (lower curved line) the
open circuit voltage approaches the equilibrium value
asymptotically. It has been found by the applicant that the
build-up and decay of this anomalous voltage can be satis-
factorily modelled by assuming that the anomalous voltage
builds up and decays linearly with charge (and hence acid
concentration). In the case shown in FIG. 6 the anomalous
voltage moves from the minimum value of about 0.1 volts
to the maximum of 0.6 volts with the passage of charge
equivalent to about one fifth of the battery capacity. An
output of the second summer 28 is provided as an input to
the internal voltage estimator 10.

[0074] A PbSO4 area estimator 34 receives an estimate of
over-voltage from the summer 8, an estimate of the rate of
change of state of charge from the delay function 13 and an
estimate of the state of charge from the integrator 18. When
the estimated over-voltage indicates that the battery is dis-
charging, the PbSO4 area estimator 34 calculates the specific
area of the fresh deposits of PbSO4 and using the estimated
state of charge, updates the average specific area of all the
PbSO4 deposited. When the estimated over-voltage indi-
cates that the battery is charging, the PbSO4 area estimator
34 leaves the average specific area unchanged as the total
amount (and total area) of the PbSO4 reduces and supplies
an estimate of the area of all the PbSO4 to the rate of change
of state of charge calculator 12.

[0075] As described herein before, FIG. 14 shows that the
rate at which a battery can accept charge is affected by the
rate of the previous discharge and the time that has elapsed
between the end of discharge and the start of the charge. In
order to describe this effect, the PbSO, estimator 34 effec-
tively integrates the area of the PbSO4 deposited and
increases the specific area with the discharge current.

[0076] FIG. 12 shows how the model represents the
change in specific area with discharge rate. At high discharge
rates, the specific area tends to a maximum of fifty times the
minimum specific area. The charge current is then calculated
using the PbSO,, area rather than the state of discharge. This
has the effect of causing a faster recharge when following a
high current discharge. During charging, the specific area
does not change and the PbSO, area is reduced in direct
proportion to the charge. The specific area reduces with time
even when there is no discharge occurring. A Decay esti-
mator 36 causes the specific area to decrease with time at a
rate proportional to the difference between the specific area
and the minimum specific area.

[0077] The decay estimator 36 provides an output to an
inverting input of an adder 38. The output of the delay
function 13 (rate of change of state of charge) is provided to
the non-inverting input of the adder 38, and the output of the
adder 38 is provided as an input to the PbSO4 area estimator
34. In order to cause the PbSO4 area to decay at the desired
rate, the output of the decay estimator 36 is scaled to be
equivalent to a rate of increase in state of charge before
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summing with the rate of change of state of charge from
delay function 13. Therefore, if the output of the delay
function is zero (no current flowing) the PbSO4 area esti-
mator 34 sees an apparent charging current and so the
PbSO4 area decays.

[0078] The model maintains an estimate of the open
circuit voltage of the battery and subtracts this estimate from
the measured battery voltage in order to obtain an estimate
of polarisation. It is the calculation of the rate of change of
state of charge of the battery from the estimate of polarisa-
tion which underlies the operation of the model. From this,
the state of charge and the anomalous voltage are found by
integration of the rate of change of state of charge.

[0079] The applicant has realised that in spite of the
complications of battery chemistry and mechanisms occur-
ring within a battery, the rate of change of state of charge of
a battery can, in fact, be estimated with a good degree of
accuracy from the polarisation voltage.

[0080] FIG. 9 is a graph illustrating how the polarisation
voltage varies with respect to current in both charging and
discharging. The graph is clearly non-linear. Part of the
polarisation can be attributed to the ohmic impedance of the
battery and this can be measured under open circuit condi-
tions with an AC instrument. During discharge, when the
ohmic polarisation is subtracted from the total polarisation,
the remainder is found to vary with the logarithm of the
current. This is a characteristic of a process involving either
charge transfer or crystallisation polarisation.

[0081] During charging, the total polarisation increases
more rapidly with current and a limiting condition is reached
where further increase in voltage does not result in an
increase in charge current. Additionally, measurements of
ohmic impedance indicates that the ohmic impedance is
greater during charging than during discharging.

[0082] The calculation of current from the polarisation is
complicated by the fact that the polarisation is the sum of
over voltages which vary with the current and the logarithm
of the current, as noted herein before algebraic loop tech-
niques proceed by making a first guess of the current,
calculate the ohmic, charge transfer (activation), diffusion
and crystallisation polarisations, and compare the sum of
these with the measured value and change the estimate of the
current accordingly. A reasonable estimate of the current can
be achieved after several successive approximations. How-
ever, this approach increases the calculation time and can
lead to instabilities when step changes in the battery terminal
voltage occur.

[0083] The insight underlying the present invention is that
it is possible to estimate the ohmic polarisation as a fraction
of the whole. Furthermore, during investigation the inventor
has discovered that the ohmic fraction of the total polarisa-
tion can be described with relatively simple equations.

[0084] FIG. 7 is a schematic of the internal layout of the
rate of change of state of charge calculator.

[0085] The calculator comprises two portions, namely a
charging portion 100 and a discharging portion 102.

[0086] The measurement of over-voltage 1) is supplied to
a selector 110 which examines the sign of the over-voltage
to select whether the output of the charge portion 100 or the
discharge portion 102 should be output from the calculator
12.
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[0087] The charging portion comprises a charging version
of the rate of change of state of charge model 104 which
receives inputs representing temperature T, PbSO, area A,
and the ohms law contribution from a calculator 106. The
calculator 106 receives a measurement of the over-voltage
n.

[0088] FIG. 10 illustrates how the ohmic fraction has been
found to vary with over voltage. The applicant has found that
the ohmic fraction of the polarisation during charging can be
described by:

Fraction g mic.oy=n>-3.36n*+3.1n

[0089] Where 7 is the total over voltage (i.e. the polari-
sation as these terms are synonymous)

[0090] The above cubic equation represents the ohmic
fraction well whilst the polarisation is less than 1.5 volts.
Above this voltage, the equation continues to increase the
ohmic fraction when in reality this fraction starts to fall.

[0091] The open circuit voltage seen when a period of
charging is interrupted is typically 13.2 volts and as a result
the above equation should satisfactorily describe the perfor-
mance of a battery up to a terminal voltage of 14.7 volts.
However, additional corrections may need to be added to
this equation where regulators permit higher terminal volt-
ages during charging (for example during low tempera-
tures).

[0092] In order to constrain the operation of the model the
calculated ohmic fraction is limited to fall within the range
0.01 to 0.9. The rate of change of state of charge has been
expressed in a unit “I20” which corresponds to the current
required to discharge a battery in 20 hours. Thus, in the
context of a 74 ampere hour battery the current correspond-
ing to 120 is 3.7 amps.

[0093] The applicant has found that the charge rate can be
described with the following equation:

Charge Rate (I o)=c*Fraction gnmic.)*(n)*PbSOjarea
[0094] Where:

¢=0.00095*7%+0.0017*7+0.0776
[0095] and

[0096] T is Temperature (in degree Celsius)

[0097] The calculation of PbSO, area was described ear-
lier.

[0098] The discharging portion 102 comprises a discharg-
ing rate of change of state of charge calculator 112, an ohms
law fraction calculator 114 and an end of discharge current
limiter 116. The ohms law fraction calculator 114 receives
measurements of temperature T, state of charge S and
over-voltage M and provides outputs to the rate of change of
state of charge calculator 112 and the current limiter 116.
The rate of change of state of charge calculator 112 uses this
data to provide an estimate of the rate of change of state of
charge to a first input of a selector 118.

[0099] During discharging, the applicant has found that
the ohmic fraction changes linearly with the total over
voltage as shown in FIG. 10. As a precaution, the calculated
ohmic fraction during discharge is passed through a limiting
function to keep the fraction in the range of 0.01 to 0.7.
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[0100] The discharge current is found by dividing the
ohmic polarisation by the battery impedance.

[0101] The end of discharge current limiter 116 also
receives inputs representing the state of charge S and the
over-voltage M and derives a measurement of rate of change
at state of charge modified by those effects which come into
play in a highly discharged battery.

[0102] FIG. 11 shows the decrease of the discharge cur-
rent limit with state of charge for a 74 Ah capacity battery
for an over voltage of —-0.5 volts. The limit function is
calculated as follows:

(1 — OhmicFraction) xn

Limitho) = G T338 %500 22875

[0103] An output of the current limiter 116 is presented to
a second input of selector 118 which selects the input having
the smallest absolute value as its output. This is then
supplied to the selector 110.

[0104] The open circuit voltage of a freshly charged
battery takes several days or weeks to fall to the equilibrium
value. As the battery terminal voltage falls below the open
circuit voltage estimated by the model, the rate of change of
state of charge function 112 calculates a discharge rate
which corresponds to the self-discharge rate of the battery.
The integrators then reduce the anomalous voltage, state of
charge and equilibrium voltages accordingly.

[0105] FIG. 8 shows a data processor which may be
suitably programmed to implement the present invention.
The data processor is “embedded” within a vehicle and so
conventional input and output devices such as a keyboard
and VDU are not required.

[0106] The data processor comprises a central processing
unit 120 which is interconnected to read only memory 122,
random access memory 124 and an analogue to digital
converter 126 via a bus 128. The analogue to digital con-
verter receives the measurements of battery voltage and
temperature and digitises them. The procedure used to
implement the model is held in the read only memory 122
whereas the random access memory provides a store for
temporary values used during the calculation

[0107] FIG. 13 is a graph comparing the results of the
simulation with actual state of charge data. The model
matches the measured state of charge well, and is faster and
more stable than prior art models.

[0108] 1t is thus possible by realising that the ohmic
fraction of polarisation can be related to the total polarisa-
tion, to provide an accurate and relatively simple model and
method for estimating battery state of charge.

1. A method of estimating the state of charge of a battery,
the method comprising the steps of

a. monitoring the voltage (v) at the terminals of a battery
4);
b. comparing the measured battery voltage with an esti-

mate of the internal voltage of the battery in order to
obtain an over voltage;

c. providing the over voltage to a fraction function in
order to obtain an estimate of the rate of change of a
proportional state of charge of the battery (2).
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2. Amethod as claimed in claim 1, characterised in that a
first fraction function is used when the over voltage is
positive.

3. A method as claimed in claim 2, characterised in that
the first function is represented as one of a mathematical
function for curve fitting and a look up table.

4. A method as claimed in claim 2 or 3, characterised in
that the first fraction function is represented by a quadratic,
cubic or higher order function.

5. A method as claimed in any of the preceding claims,
characterised in that a second fraction function is used when
the over voltage is negative.

6. A method as claimed in claim 5, in which the second
function is represented by a family of second functions, each
of which is a function of the proportional state of charge of
the battery (4).

7. A method as claimed in claim 6, characterised in that
the second functions are linear functions of over voltage.

8. A method as claimed in any one of the preceding
claims, characterised in that the method further takes
account of the temperature of the battery.

9. Amethod as claimed in any one of the preceding claims
in which an output of a rate of change of the state of charge
calculator is integrated in order to determine the state of
charge.

10. A method as claimed in claim 9, characterised in that
the estimate of the state of charge is provided to an input of
a equilibrium voltage estimator (26) in order to provide an
estimate of the equilibrium voltage of the battery as a
function of the state of charge of the battery.

11. A method as claimed in any one of the preceding
claims, characterised in that the estimate of rate of change of
state of charge is provided as an input to an anomalous
voltage calculator (30).

12. A method as claimed in claim 11 when dependent on
claim 10, characterised in that the estimate of the open
circuit voltage is the sum of the estimate of the equilibrium
voltage and the anomalous voltage.

13. A method as claimed in any one of the preceding
claims in which an estimate of PbSO, area is formed as a
function of over voltage, an estimate of rate of change of
state of charge, and an estimate of the state of charge, and in
which the estimate of PbSO, area is used during the estimate
of the rate of change of state of charge during battery
charging.

14. A method as claimed in any one of the preceding
claims in which an ohmic fraction of battery polarisation is
derived as a cubic function of the over voltage.

15. A method as claimed in claim 14, characterised in that
the ohmic fraction of battery polarisation is constrained to
lie within the range 0.01 to 0.9.

16. A method as claimed in claim 14 or 15, in which the
charge rate is modelled as the product of a temperature
dependent function, the ohmic fraction of polarisation, the
over voltage and PbSO,, area.

17. A method as claimed in claim 6, characterised in that
the second functions describe the ohmic fraction of polari-
sation and vary linearly with over voltage.

18. A method as claimed in claim 17, characterised in that
the discharge current is found by dividing the ohmic polari-
sation by the battery impedance.

19. A data processor (6) arranged to estimate the charge in
a battery in accordance with the method claimed in any one
of the preceding claims.

#* #* #* #* #*
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