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Apparatus and method for determination of the state-of-charge of a battery when the battery

is not in equilibrium

FIELD OF THE INVENTION

Accurate and reliable State-of-Charge (SoC) indication is an important feature
on any device powered by rechargeable batteries. With an accurate and reliable SoC
indication a user will use all available battery capacity, which will prevent unnecessary
recharges that would lead to earlier battery wear-out. Numerous methods for SoC indication
have been published and patented. Basically, these methods can be divided over two groups,
1.¢. direct measurement and bookkeeping, as is described in the book: H. J. Bergveld, W. S.
Kruijt, P. H. L. Notten; “Battery Management Systems - Design by Modelling”, Philips
Research Book Series, vol. I, Kluwer Academic Publishers, Boston, 2002, ISBN 1-4020-
0832-5, and in particular in Chapter 6 of this document.

In case of direct measurement, a battery variable, such as terminal voltage,
impedance, or temperature, is measured and based on e.g. a look-up table or function, this
measured value is directly translated into an SoC value. The main advantage of this group of
methods is the fact that as soon as the SoC indication system is connected to the battery,
measurements can start and the SoC can be determined. The main disadvantage of this group
of methods is that it is very hard to include all relevant battery behaviour in the look-up table
or function. That implies that under user conditions not foreseen in the look-up table or
function, the SoC has to be obtained from interpolation or extrapolation of the tabulated data.

This leads to inaccuracy of the predicted SoC.

BACKGROUND OF THE INVENTION

US-A-6 420 851 discloses that the so-called Electro-Motive Force (EMF) is a
useful battery variable for SoC indication by means of direct measurement. The EMF is the
difference in equilibrium potential of the positive and negative electrodes and can be
measured at the battery terminals when the battery is in equilibrium, i.e. no external current is
flowing and the battery voltage has fully relaxed from the application of previous
charge/discharge currents. By measuring the battery voltage under equilibrium conditions the
measured voltage value can be translated into the SoC value via an EMF-SoC relation stored

in the system. This stored curve can be obtained in a laboratory by the SoC indication system
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manufacturer in several ways, including interpolation, extrapolation and relaxation. The
advantage of the EMF-SoC relationship is that the curve remains unchanged when the battery
ages, under the condition that the SoC is plotted on a relative axis, e.g. from 0%-100%.
However, this method does not work during external current flow or after current flow before
the battery voltage has fully relaxed, since the battery terminal voltage does not equal the
EMF in this case.

The basis of the bookkeeping group of methods is coulomb counting, i.c.
measuring the current flowing into and out of the battery as accurately as possible and
integrating the net current. This would lead to a good indication of SoC in case the battery
was a linear capacitor. Unfortunately, this is not the case. For example, stored charge is not
available to the user under all conditions, e.g. due to diffusion limitations, and battery charge
will slowly decrease when the battery is not in use due to self-discharge. Most of this battery-
related behaviour is strongly temperature and SoC-dependent and needs to be accounted for
on top of coulomb counting, ¢.g. by lowering the counter contents dependent on the battery
SoC and temperature to account for self-discharge. The main advantage is that in general the
amount of tabulated data can be lower than in direct-measurement systems. The main
disadvantages are (i) that the system needs to be connected to the battery at all times, (ii) the
fact that upon first connection the system does not know the SoC (the starting point of
integration has to be programmed) and (iii) the need for calibration points. The latter
disadvantage stems from the fact that the system is based on integration in time, which means
that measurement errors and errors in the battery behaviour stored in the system will
accumulate over time. In case of rechargeable batteries defining accurate calibration points
that are encountered often enough during use is a real challenge.

Both in case of a direct-measurement SoC indication system and a
bookkeeping SoC indication system the battery behaviour will change over time due to aging.
For example, the maximum available battery capacity will decrease over time. The aging
process depends strongly on usage conditions, such as applied charge and discharge currents,
storage conditions, temperature, etc. To deal with aging, some form of adaptivity needs to be
added to the system to update parameter values, such that the SoC predictions remain
accurate when the battery ages.

Based on the knowledge described above, Philips research has developed an
SoC indication method that combines the advantages of direct measurement and
bookkeeping. The main feature of the method is that SoC estimation is performed by means

of voltage measurement when the battery is in the so-called equilibrium state and by means
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of current measurement when the battery is in a non-equilibrium state. In the case of
equilibrium no or only a small external current flows and the battery voltage has fully relaxed
from previous charges or discharges. As described above, the measured battery voltage is
practically equal to the EMF of the battery in equilibrium conditions. Therefore, the EMF
method can be applied under these conditions. When the battery is in a non-equilibrium state,
the battery is either charged or discharged and the charge withdrawn from or supplied to the
battery is calculated by means of current integration. This charge is subtracted from or added
to an SoC value calculated earlier.

In addition to estimating the SoC, which is a measure of the amount of charge
still present inside the battery, the method also predicts the remaining time-of-use of the
application under pre-defined conditions. This is done by estimating the time it will take
before the battery voltage will drop below the so-called End-of-Discharge voltage Vgop. This
is the minimum voltage below which the application will no longer function. In order to
estimate this time, the course of the battery voltage is predicted for a chosen load condition
based on the present value of the SoC, the stored EMF curve and the so-called overpotential
function. When a battery is discharged, its voltage can be found by subtracting the
overpotential from the EMF value. The overpotential depends on several factors, including
the SoC, current, temperature and time, but also on factors such as the ohmic series resistance
of the electrodes.

This SoC indication method has been patented in US-A-6 515 453, and later
the method has been extended to incorporate several ways to update parameter values to deal
with battery aging, which has also been patented in WO-A-2005085889.

Problems or disadvantages overcome by the invention.

An advantage of the SoC indication method described above is that each time
the battery returns to equilibrium, the SoC obtained with coulomb counting during previous
charge/discharge cycles can be calibrated based on voltage measurement and application of
the EMF method. This is an advantage compared to commercially available bookkeeping
systems, which usually only use one or two calibration points, i.e. ‘battery full’ (determined
in the charger) and ‘battery empty’ (determined when the battery voltage drops below the
end-of-discharge voltage under certain conditions), which are not encountered very often. In
other words, the proposed system is calibrated more often than existing bookkeeping
systems, which leads to more accuracy, while maintaining the advantages of a bookkeeping

System.
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Another advantage of the SoC indication system described above is the fact
that the maximum capacity can be updated without the necessity to impose a full
charge/discharge cycle on the battery. Provided that starting from a state of equilibrium, the
battery is charged or discharged for a certain minimum amount of charge, after which the
battery returns to equilibrium, the maximum capacity can simply be calculated by relating the
difference in SoC [%] before and after the charge or discharge step to the absolute amount of
charge in [C] discharged from or charged to the battery during the applied charge/discharge
step. Existing systems always have to apply a full charge/discharge cycle to determine the
maximum available battery capacity.

It is crucial that the SoC indication system can accurately determine that the
battery is in equilibrium. If the battery voltage has not stabilized yet and the algorithm enters
in equilibrium mode, the battery voltage will be higher (when current has been interrupted
after a charge step) or lower (when current has been interrupted after a discharge step) than
the EMF, leading to a too high (return from charge step) or too low (return from discharge
step) predicted SoC value. When this wrong SoC value is used for calibration, the accuracy
of the system is compromised. The same holds for the update of the maximum capacity. For
example, when the battery voltage after a discharge step has not fully relaxed when the
algorithm returns to the equilibrium state, the SoC predicted when returning to the
equilibrium state after application of the discharge step will be too low and the resulting
calculated maximum capacity will therefore be too low. This means that the problem with an
accurate return to the equilibrium state of the algorithm is described in the above mentioned
references.

As an illustration the relaxation process of the battery voltage after application
of a discharge step is depicted in Figure 1. The figure shows the battery voltage after a
discharge step at a 0.25 C-rate at 0% SoC (battery empty) and at 5°C.

The voltage eventually relaxes to a stable value of 3.748 V, i.e. the EMF for
this SoC value. After 30 minutes of relaxation, the Open-Circuit Voltage (OCV) still differs
15 mV from the end value. This implies that when the algorithm would return to the
equilibrium state after this 30 minutes, the battery voltage would still differ 15 mV from the
real EMF, which would translate in a 5% SoC error in this case. Returning to the equilibrium
state after 200 minutes would lead to an acceptable SoC error lower than 1% in this case.
This also means that in cases like the one illustrated in Figure 1, a system calibration by
returning to the equilibrium state can only occur after 200 minutes. If the user starts charging

the battery again before these 200 minutes have elapsed, the calibration opportunity is lost. In
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summary, accurately determining when the battery voltage has stabilized after application of
a charge/discharge step is crucial and this may take a long time.

Several methods can be thought of that implement the determination of
whether the battery is in equilibrium or not:
1. Fixed time to wait

A simple method is to wait for a fixed amount of time after current
interruption and to assume that the battery voltage is stable after this time. In this situation
the longest possible, i.e. worst case, relaxation time must be chosen to be sure that the battery
is indeed in equilibrium. For low SoC and temperature values this can take a long time, see
e.g. Figure 1. Such a long rest period appears very rarely in a portable device. The waiting
time can be also chosen as a function of e.g. SoC and temperature but even then, due to e.g.
spread between the batteries, false entries into the equilibrium state are likely to happen.
Moreover, the system has to wait until the battery has relaxed before the EMF value becomes
available and calibration or update of maximum capacity becomes possible.
2. Threshold for the measured dV/dt value

In order to allow the algorithm to change to the equilibrium state, the
condition of a stable voltage has to be met. The voltage change in time, i.e. the derivative
dV/dt, can be used to determine this: when dV/dt is below a certain threshold value the
voltage can be assumed stable and the battery to be in equilibrium. However, under normal
conditions the battery never reaches a fully relaxed state because there is always a certain
small current present (e.g. in a mobile phone application the standby current). It has been
shown that it is very difficult to distinguish between a relaxed and not relaxed battery voltage
by only dV/dt measurements. If for all SoC values the same threshold value is used to detect
equilibrium (dV/dt<threshold) the chance on false detections seems to be quite high. Another
disadvantage of this method is that, as for waiting for a fixed amount of time, the system has
to wait until the battery has fully relaxed.
3. Voltage-prediction method predicts relaxation end value

When a model of the voltage relaxation process is available, the relaxation end
value, 1.e. the EMF, can be calculated based on the relaxation conditions. The main
advantage compared to using a fixed waiting time or dV/dt threshold is that the EMF value
becomes available before the battery has fully relaxed. This allows the system to calibrate the
SoC obtained from prolonged coulomb counting even when the user does not leave enough
time for full relaxation between successive charges or discharges. However, of course this

imposes strong demands on the accuracy of the predicted relaxation end value.
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Of the three described methods to determine whether the battery is in
equilibrium the third method is the most advantageous, since it would allow even more
calibration opportunities and update opportunities for the maximum battery capacity.

Prior art provides two methods to implement this.

J.H. Aylor, A. Thieme, B.W. Johnson, “A Battery State-of-Charge Indicator
for Electric Wheelchairs”, IEEE Trans. on industrial electronics, vol. 39, no. 5, pp.398-409,
October 1992, discloses a voltage-prediction method in the field of lead-acid batteries. The
idea of this method is that a battery OCV recovery curve can be approximated by two
asymptotes if plotted on a semi-log scale. It is noted that in order to predict the relaxation end
voltage, this method makes use of a fixed parameter found from previous laboratory
experiments (Xp). In case the battery ages and the voltage relaxation behaviour changes,
without an update of this parameter Xp the system will become less and less accurate in
predicting the correct voltage relaxation end value, i.e. the EMF.

US-A-6,366,054 (Hoenig et al) discloses a voltage-prediction model based on
the measured battery OCV, the change in measured battery OCV over time (dOCV/dt), and
the temperature measured at any time during the voltage relaxation process. The invention is
described in relation to lead-acid storage batteries having a number of cells sufficient to
produce a rated voltage of 24 V. However, applicability to other battery chemistries is
claimed as well. In order to find the correct parameters for the system, the battery is charged
and discharged in fixed steps, starting from an empty battery. Each time the charge or
discharge current is interrupted a set of three parameters is measured and recorded as data
points until the battery voltage/OCV has stabilized. These parameters include the battery
voltage (OCV), the rate of change of the battery OCV and the temperature. Battery OCV and
temperature are taken as instantaneous measurements, while the rate of change of OCV is
measured over a predetermined time period, e.g. 30 seconds. Note again that this prior art
method makes use of fixed parameters which have been obtained from a laboratory
experiment. When these parameters are stored in the system and the battery characteristics
change, which will always happen due to ageing, the accuracy of the predicted voltage
relaxation end values will decrease over time.

In summary, the main problem with the SoC indication method described in
US-A-6 515 453 is the accurate determination of battery equilibrium. Of the available
methods to determine the equilibrium voltage of the battery after relaxation, the use of a
voltage-prediction model seems the most attractive. However, the methods currently known

in the literature make use of fixed parameters in the prediction of the voltage relaxation end
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value, which is a disadvantage, since changing battery characteristics due to aging will lead

to decreasing prediction accuracy over time.

SUMMARY OF THE INVENTION

To avoid these problems the present invention provides a method for
determining the state-of-charge (SoC) of a battery which has been charged or discharged and
which has not reached its equilibrium state, the method comprising the steps of determining
the EMF of the battery by extrapolation of the battery voltage sampled during relaxation after
the charge or the discharge process, wherein the extrapolation is based on a extrapolation
model using only variables sampled during the relaxation process and deriving the state-of-
charge (SoC) of the battery from the EMF of the battery by using a predetermined relation
between the EMF and the state-of-charge (SoC) of the battery.

This method is a voltage-prediction method without the need to store
parameters beforehand. Instead, the voltage relaxation end value is determined based on the
measured first part of a voltage relaxation curve and mathematical optimisation/fitting of a
function to this measured part of the relaxation curve. In addition to the unknown voltage
relaxation end value, the function contains some more parameters that are also found by
fitting. This means that these parameters are updated for each individual situation, without
the need to store values beforehand. Thus no previously stored parameters are used such as
the prior-art methods do, making the method better suitable to deal with battery aging than
the prior-art voltage-prediction methods.

According to a preferred method, after the end of the charge or discharge
process the battery voltage is measured at least four times during the relaxation process and
the extrapolation model uses at least four sampled voltage values resulting from the said
measurements. It has appeared that a function having four parameters describes the relaxation
process sufficiently accurate. Hence four measurements are required to be able to determine
the function.

Yet another preferred embodiment provides such a method, wherein the

extrapolation is executed by using a model described by the formula:

Eq.1
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wherein V., (the EMF value), o, v and d are variables and & represents an error. The
advantage of this method is that the EMF can be predicted with enough accuracy in the first
few minutes after current interruption. Further it improves the prior-art SoC indication
algorithm, since it gives more calibration opportunities and solves the problem of not being
able to exactly determine battery equilibrium. It also leads to an improvement of any SoC
indication system based on the EMF method.

The method can be described as follows. At the beginning of the relaxation
process the actual open-circuit voltage of the battery does not coincide with the EMF. The
reason of this difference is the overpotential built-up during the preceding (dis)charge period.
This overpotential makes the battery voltage during the (dis)charge process deviate from the
EMEF. The overpotential build-up is caused by various electrochemical processes that occur in
the battery, such as Li+-ion diffusion in both electrodes, diffusion and migration of Li+ and
other ions in the electrolyte, Butler-Volmer kinetic limitations on the surfaces of electrodes,
etc. For that reason the relaxation process is, in general, a complex function of various factors
such as the SoC, amount of charge added or removed from the battery, temperature and
aging. That large amount of dependencies makes it difficult to predict the EMF at the very
beginning of the relaxation period. Therefore, the relaxation process during a certain period
of time should be observed in order to be able to give an accurate prediction of the final EMF
value.

Denote t; as the moments in time at which the battery voltages Vy are observed
during the relaxation process. This implies that the first part of the relaxation curve is
sampled with N sample points (ti, Vti). The general model for the voltage relaxation that is

proposed in this ID is given by the following equation:

I'y e, /2

t

e e 0
where parameters ¥ >0,a > 0,8 >0 are the rate-determining constants, I"is equal to +1 if
the voltage is rising, after a discharge step and equal to —1 if the voltage is decreasing, after a
charge step, V.. is the final relaxation voltage (an asymptotical value, i.e. EMF), V,is the
relaxation voltage at time t, log®(t) is the natural logarithm (with base ¢) of time to the power
of parameter o and ¢ is a random error term. Note that this model assumes an exponential

multiplicative error structure .
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The parameters V., o, 6 and y can be estimated by applying the concentrated Ordinary Least
Squares (OLS) scheme. Therefore, the above equation can be re-written by taking square

values:

2
’Y e 2
r—Y &= -v
( t“logs(t)Je v.-7)

Taking logarithmic values with base e, this equation can be reduced to a usual

regression model:

log(V. -V,)* =C + Alog(t)+ Dlog(log(¢)) +¢,
with T°=1 for both charging and discharging, and C=2log(y), A=-2c and D=-28. For each
fixed value of ¥ this equation expresses the usual regression model with relaxation voltage

samples Vj; at discrete time instants t;..tx:

y.=xB+eE, t=t,...t,
where y, = log(Vm -V, )Z x, = (1,log(z,),log(log(t,))) . B = (C, 4,D)", i=1.N. In matrix
notations it is written as

y=Xp +¢
where y=(y,...,7y), € =(€5....€, ) and X =(x,,...,x, )", is a matrix of regressors based
on N available time instants t;, i.e. the columns in this matrix are formed by ones, log(ti)-
values and log(log(ti))-values. After obtaining the initial OLS estimator for f, i.c.

B =(C,4,D), where p =(X'X)"' X"y, based on an initial guess for ¥_ used to calculate y,
H y—Xp H2 is calculated and minimized with regard to V.. (where the OLS estimator 3 is re-

calculated each time V.. is changed). This leads to a simpler implementation than minimizing
Eq. 11 with regard to V.. and B. The initial guess of V.. can e.g. be obtained by adding 100
mV to the first voltage sample in case of relaxation after a discharge step, or by subtracting
100 mV in the case of relaxation after a charge step. Finally, the parameters in original model
of Eq. 1 will be recovered as ¥ =exp(C/2), d =—A4/2,8 =-D/2. In summary, the
voltage-prediction model of Eq. 1 is fitted to the measured relaxation curve described by
sample points (ti, Vi), i=1..N. This yields a predicted relaxation voltage curve and a predicted
relaxation end voltage V... Since there are 4 unknown parameters in the model of Eq. 1 (V..

o, 0, v) at least 4 sample points are needed to be able to solve the set of equations, i.c. N>4.
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A further preferred embodiment provides such a method, wherein at least
some of the samples result from the multiple measurements of the voltage subjected to low-
pass filtering by averaging. It has appeared to the inventors that the open-circuit voltage
measured in accordance with the invention may be subject to voltage spikes and other short
transients. By averaging the results of groups of measurements the effects of such spikes are
minimized.

Preferably the samples of the voltage used in the extrapolation process are
taken within six minutes after the end of the charge or the discharge process. As stated
beforehand the inventions aims to provide an accurate prediction of the EMF from
measurements taken shortly after the charge or discharge process. It appears that when the
measurements are taken in the first six minutes of the relaxation process, accurate results are
obtained for fresh and aged batteries, leading to the advantage that the EMF and hence the
SoC can be determined with accuracy within a short time. Although the indicated six minutes
give adequate results, it is very well conceivable that - possibly in dependence of the type of
battery - adequate results may be obtained when the measurements are taken within other
time durations at the start of the relaxation process, like within the first three, four minutes or
five minutes or within the first eight, ten, twelve or fifteen minutes. Generally the results will
be better when more measurements are taken.

The open-circuit voltage measured during the relaxation process results from a
number of processes taking place simultaneously. It has appeared that during the first half
minute after the end of the discharge process, the measured voltage is the result of even more
complicated processes. Hence the formula used in the interpolation process according to the
invention is less applicable during this first half minute. The use of measuring values taken
during this initial time, would consequently lead to less accurate results. By starting the
measuring only after this period, more accurate results can be obtained. A preferred
embodiment provides such a method, wherein the first sample used in the extrapolation
process is taken more than half a minute after the end of the discharge process. However
instead of half a minute, other times may be used like 10 seconds, one minute or two minutes.

The choice of the time depends on the properties of the battery and more in particular of the
duration of the relaxation process. There is also a relation between the time after the charge
or discharge process when the first measurement is taken and the duration within which the
following measurements are taken; the longer the first measurement is postponed to avoid the
influence of relaxation processes, the higher the need is to prolong the time for following

measurements to obtain a required accuracy.
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Similarly it has appeared that during the first half minute after the end of the
charge process, the measured voltage is the result of even more complicated processes.
Hence the formula used in the interpolation process according to the invention is less
applicable during the first half minute. The use of measuring values taken during this initial
time, would consequently less to less accurate results. By starting the measuring only after
this period, more accurate results can be obtained. A preferred embodiment provides such a
method, wherein the first sample used in the extrapolation process is taken more than half a
minute after the end of the charge process. However instead of half a minute, other times may
be used like 10 seconds, one minute or two minutes.

In yet another preferred embodiment the extrapolation model used for the
determination of the EMF of the battery is also used to determine the time after which the
battery voltage has reached the EMF. In some instances it may be interesting to determine
how much time it takes before the open battery voltage reaches the EMF, for instance in
battery management. A specific preferred embodiment provides such a method wherein the
extrapolation model used for the determination of the EMF of the battery is also used to
determine the time after which the battery voltage has reached the EMF.

The time obtained with the method mentioned above may be used in a process
to adapt or recalibrate the formula used in the determination of the EMF. A preferred
embodiment provides the feature that the value of the EMF determined by the extrapolation
process is compared with the EMF value measured after the time determined in the method
as claimed in claim 8, and wherein the model is adapted by increasing the number of
measurements or by amending the time between the end of the charge or discharge process
and the first measurement when the difference between the measured value and the
extrapolated value of the EMF is greater than a predetermined value. Herein is noted that it is
not the parameters in Eq. 1 that are adapted, but rather the number of measurements and the
times when these measurements are taken, i.e. the part of the relaxation curve taken into
account in the fitting process.

As stated before, the main aim of the invention is to provide an accurate
indication of the state-of-charge of a battery. However users are often more interested in the
time left they can use the appliance before the battery is exhausted. Therefore a preferred
embodiment of the invention mentions a method, wherein the remaining time of use left is
calculated under the present discharge conditions.

The method disclosed in this document is directed to the determination of the

EMF and hence of the state-of-charge of a battery during those times wherein no charging or
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discharging takes place and during which equilibrium has not yet been reached. It may
however very well perform its function in an integrated system which is equipped for
determination of the EMF and the state-of-charge when the battery is in equilibrium and the
determination of the state-of-charge in situations wherein the battery is charged or
discharged. Hence the invention relates also to a method for determining the state-of-charge
(SoC) of a battery which is subjected to charge and discharge processes and idle times during
which no charge or discharge processes take place wherein the state-of-charge during periods
after a charge or discharge process is determined in accordance with a method according to
one of the preceding claims.

The method as describe above is preferably implemented in an apparatus for
determining the state-of-charge (SoC) of a battery which has been charged or discharged and
which has not reached its equilibrium state, the apparatus comprising measuring means for
measuring the open voltage of the battery during relaxation after the charge or the discharge
process, calculating means for determining the EMF by extrapolation of the measured values
op the open voltage of the battery, wherein the calculating means are adapted to execute
extrapolation based on a extrapolation model using only variables measured after the end of
the charge or discharge process and means for deriving the state-of-charge (SoC) of the
battery from the EMF of the battery by using a predetermined relation between the EMF and
the state-of-charge (SoC) of the battery.

Preferably the calculation means of such an apparatus are adapted to execute

the extrapolation by using a model described by the formula:

FY e /2

t

=V t* log’ (t) ¢
wherein V., (the EMF voltage), a, y and 6 are variables and € represents an error that is
minimized by means of mathematical optimization.

Another embodiment provides the feature that the measuring means are
adapted to execute multiple measurements for each measured value and that the calculation
means are adapted to average the measured voltages to obtain low-pass filtered measured
values.

The apparatus may preferably be implemented in a battery charge apparatus or
in an electric device adapted to by supplied by power by a battery.

Such an electric device may be formed by a portable electronic device, like a

mobile telephone, a GPS-device, or a shaver, but it may very well be formed by an
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electrically driven vehicle, like a hybrid vehicle, comprising a traction battery, wherein the

apparatus is adapted to determine the state-of-charge of the traction battery.

BRIEF DESCRIPTION OF THE DRAWINGS

Subsequently the invention will be elucidated with the help of the
accompanying drawings, wherein:

Fig. 1 is a graph showing the voltage relaxation after a discharge current step;

Fig. 2 is a diagram showing an embodiment of the invention;

Fig. 3 is a flow chart of the method according to the invention;

Fig. 4 is a diagram of a further embodiment of the invention;

Fig. 5-10 are graphs showing the error in the SoC estimation of the method of

the invention under different situations.

DETAILED DESCRIPTION OF THE EMBODIMENTS

As described in the previous sections the newly proposed voltage-prediction
model can be used advantageously in the prior-art SoC indication algorithm disclosed in US-
A-6 420 851 and US-A-6 515 453. However, it can also be used in any SoC indication
method in which the EMF of the battery is used to determine the SoC. For example, in the
past many SoC systems designed for lead-acid batteries made use of the linear relationship
between the lead-acid-battery EMF and SoC. As soon as a charge or discharge current is
interrupted, the method allows determining the EMF quickly, i.¢. in a few minutes, based on
measured voltage samples from the battery relaxation curve.

A general block diagram of how the voltage-prediction method may be
implemented in an SoC indication system is given in Fig. 2. The battery voltage Vi, current
Ivat and temperature Tpa: are measured by means of an analog pre-processing unit, including
e.g. filtering, amplification and digitisation. Digital representations of the battery variables
are fed to a digital processing means, such as a micro-controller. The voltage-prediction
method as well as any SoC indication system based on the EMF method runs on this digital
processing unit. The unit also makes use of memory, which can be external memory or
memory present on the same silicon die. ROM memory is used to store battery-specific data
beforehand, such as the EMF curve, possibly as a function of temperature. The RAM is used
to write temporary data to or to store battery history information. For example, the first part
of the voltage relaxation curve may be stored in this RAM memory and the digital processing

means may then obtain samples from this RAM memory and use them in the curve-fitting or
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linear-regression method to fit parameters V.., ¢, 0, and y of Eq. 1 such that the model fits the
first part of the relaxation curve. Parameter V.. can then be used in the SoC indication
algorithm to obtain an SoC value via the EMF curve stored in the ROM. The predicted SoC
value may be shown directly to the user via a display or may be communicated elsewhere via
a digital interface. For example, the latter situation may occur when the digital processing
means depicted in Fig. 2 is present in a dedicated SoC indication IC that transmits SoC data
to the host processor of the portable device.

A possible way of programming the voltage-prediction method into the digital
processing means in Fig. 2 is illustrated in the form of a flow diagram in Fig. 3. The
algorithm is started when a charge or discharge current is interrupted. This can be inferred
from the measured value of the current becoming zero. When this happens, first a wait cycle
of duration t1 is started to make sure that the steepest part of the relaxation curve,
corresponding to the fastest time constants in the battery, has elapsed. As mentioned in the
previous section, time t; can be made dependent on whether a charge or a discharge has been
interrupted and can be e.g. half a minute for interrupted discharges and charges. Other values
can also be thought of, dependent on the used battery type.

When time t; has elapsed a number of N voltage samples Vy; at times t; are
taken, with 1 running from 1 to N, under the condition that the externally applied current
remains zero. With the first part of the relaxation curve being recorded, the curve-fitting
process of Eq. 1 can be started, ¢.g. by means of the fitting process described earlier. Several
possibilities exist here. For example, based on the values of the time samples t;, regression
matrix X can be calculated and stored in memory (RAM). This leads to an increased speed of
the fitting process. Alternatively, the elements of matrix X may be calculated at the moment
when they are needed in the form of log(ti) and log(log(t;)) as described earlier, which leads
to less occupied memory space.

When the fitting process is finished, the parameters V.., &, J, and yof Eq. 1 are
known.

As shown in Fig. 3, the value of V.. can be directly communicated to the SoC
algorithm, where it can be translated into a predicted SoC value based on the EMF curve.
Alternatively, as an accuracy check of the fitting process, the algorithm can wait and take
some more voltage samples that can be compared to voltage values calculated with the fitted
curve at the corresponding time instants. When enough voltage points have been checked the
value of V., can be transferred to the SoC indication algorithm. From time to time, the

algorithm may even be checked completely by waiting until the voltage has indeed stabilized
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to verify the predicted value of V... For example, after the fitting process the algorithm can
calculate how much time it will take to reach V.. within a specified range. The algorithm can
then wait for that time, without taking additional samples, and then sampling the voltage once
or a few times after this time period to verify the accuracy of the predicted V.. value. This
accuracy check of the voltage-prediction algorithm may be performed at specified intervals,
e.g. every tenth voltage relaxation process, or each time the battery indeed gets the time to
relax for the projected time. The outcome may be used to tune the parameters t; and N, i.e.
the part of the relaxation curve used for fitting.

As a final embodiment, the voltage-prediction model, e.g. implemented as
shown in Fig. 3, can also be embedded in the SoC indication algorithm of patent US-A-6 420
453. The state diagram of that patent is repeated here for reference, without a repeat of a
detailed explanation of each transfer between states.

In figure 4 a flow diagram is shown wherein the algorithm of the invention is
incorporated into the algorithm described in US6,515,453. In the transition state, the
logarithm determines whether the battery voltage is stable, according to US-A-6 515 453 .
Alternatively, the voltage-prediction method e.g. as implemented in Fig. 3 may be used when
the transition state is entered. As soon as the value of V.. 1s available, i.e. after a few minutes
of relaxation, its value can be transferred to the equilibrium state, in which it is used in the
EMF method to predict the SoC to calibrate the system.

Results obtained with new voltage-prediction model

In order to test the accuracy of the voltage-prediction model a Li-ion
US18500G3 battery (rated capacity 1100 mAh) has been charged and discharged using a
Maccor battery tester in steps of 50 mAh at different C-rates (0.05 C-rate, 0.1 C-rate, 0.25 C-
rate, 0.5 C-rate) and at different temperatures (25 and 45°C, respectively). After each charge
or discharge step the battery voltage has been allowed to relax fully using long relaxation
times. Based on the first part of the relaxation curve, the model has been used to predict the
voltage relaxation end value. This value has been compared with the measured voltage end
value obtained after long relaxation. In order to have useful results of the voltage-prediction
model for application in the SoC indication method of US-A-6515 453, the error in SoC
prediction based on the predicted EMF by the voltage-prediction model should be less than
1%. First of all, it has been observed that the vertical shape of the relaxation process in the
first moments of relaxation can give large inaccuracies in the predicted end-voltage value. In
order to obtain an optimum value for the first sample time t1 that minimizes the error in the

predicted voltage roughly 500 relaxation curves obtained with the Maccor battery tester, as
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described above, have been simulated with the model of Eq.1 using MATLAB. From these
simulations it can be concluded that an optimum value for t; is half a minute for discharge
and for charge. This means that after current interruption, at least the first half minute need to
be ignored. Voltage samples used to fit the model of the equation to should be taken after this
period of time.

In order to further investigate the accuracy of the voltage-prediction model
several measurements in a LabVIEW set-up have been performed, where an actual battery is
charged and discharged and the end voltage after current interruption is estimated in real-time
by the voltage model of Eq.1. The accuracy of the model has again been determined by
comparing the SoC calculated with the EMF curve based on the predicted EMF voltage using
the model of Eq. 1 with an SoC calculated based on a final EMF value obtained from the
LabVIEW measurements, i.c. the final stabilized voltage after a long period of relaxation.
The first minute of relaxation has been ignored in the model of the equation in case of a
current interruption after discharge. The total relaxation period has been chosen such that
under all conditions the battery is allowed to relax fully. Additionally, the SoC has also been
determined using the EMF curve based on the instantaneous OCV values of the battery
voltage during relaxation. As earlier, the error of this calculated SoC can be calculated by
comparing it to the SoC based on the final EMF value measured at the battery terminals after
a long relaxation time. This latter error gives an indication of the magnitude of the error one
would get when using a fixed time for relaxation, after which the battery is considered to be
in equilibrium. The resulting SoC errors when using the voltage-relaxation model of the
equation or the instantancous OCV value obtained for a discharge at 0.25 C-rate and 5 °C are
plotted in Fig. 5.

Fig. 5 shows that the error in the SoC based on the voltage prediction
(SoCe(Vp)) is about 0.62% after five minutes of relaxation, whereas the SoC error when
using the instantaneous OCV value SoC.(OCV) is about 6.16% at that time. An SoC error
SoCe(OCV) of 0.6% is only obtained after a relaxation period of 260 minutes. From this it
can be concluded that the voltage prediction offers a better accuracy after five minutes than
the OCV of the battery considered after five minutes and it offers the same accuracy as when
considering the OCV of a battery after 260 minutes of relaxation. The “speed” of the system
based on EMF prediction and the voltage-relaxation model of Eq. 1 is improved 52 times in
this situation (i.e. 260/5 = 52). This means that based on only the first five minutes of
relaxation, ignoring the first minute, one can predict the SoC based on the EMF curve with

the same accuracy as using a fixed relaxation time of 260 minutes. Moreover, it can be
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concluded from Fig. 5 that for the first 300 minutes the SoC values obtained based on the
predicted voltage are more accurate than the SoC values obtained based on the OCV of the
battery. After this point the two SoC values are more or less the same.

Other measurement results obtained after interrupting a discharge at 0.25 C-
rate at 25 and 45 °C are presented in Figures 6 and 7. In both Fig. 6 and Fig. 7 the error
SoCe(Vp) obtained when using voltage prediction by fitting the model of Eq.1 to the first
part of the measured relaxation curve and using the predicted voltage in the EMF curve is
smaller than the error SoC.(OCV) obtained by filling in the instantanecous OCV value in the
EMF curve. For example, Fig. 7 shows that voltage prediction offers an error SoCe(Vp) of
0.3% when the first two minutes of the relaxation curve are considered, ignoring the first
minute in the model fitting process, whereas SoCe(OCV) is 0.83% at that time. For this
example the SoC obtained from voltage prediction using Eq.1 is more accurate during the
complete relaxation time period. Hence, from the measurements presented so far it can be
concluded that the voltage-prediction model performs better than just considering an OCV
value and that generally an SoC error less than 1% is obtained after five minutes of
relaxation.

The same conclusions can be drawn from Fig. 8-10, in which the same curves
are compared after applying a charge step with 0.25 C-rate at various temperatures. In this
case, SoCe(Vp) has been obtained by fitting the model of the equation to the relaxation curve
ignoring the first three minutes (which is larger than half a minute, the period which was
defined earlier for charging as the time that should be ignored for good fitting).

For example, see Fig. 8 at a time of around four minutes. At this time, voltage
prediction offers an error SoCe(Vp) of 0.5%, whereas the error SoC(OCV) is 7.23 %. An
error SoCe(OCV) of around 0.5% is obtained after a rest period of 110 minutes. Hence,
voltage prediction offers a better accuracy than the OCV of the battery considered after four
minutes and it offers the same accuracy as when considering the OCV after 110 minutes of
relaxation. The “speed” of the system based on voltage relaxation model is improved in this
situation 27 times (i.e. 110/4 =~ 27). Fig. 8 also shows that for the first 85 minutes the SoC
values obtained based on the predicted voltage are more accurate than the SoC values
obtained based on the OCV of the battery. After this point the two SoC values are more or
less the same.

It can be concluded from Fig. 5-10 that the SoC calculated based on the
predicted voltage after five minutes of relaxation at different SoC values, charge/discharge

rates and temperatures offers an SoC prediction error smaller than 1.1%. Compared to using a
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fixed relaxation time a considerable gain in speed is achieved, which means that after five
minutes of relaxation the SoC of the battery can already be predicted with an error less than
1% based on the EMF curve, while the battery voltage has not yet relaxed towards the EMF
value.

The new method according to the invention of fitting the voltage-prediction
model of Eq.1 on-line to the first part of the relaxation curve has also been compared to the
prior-art voltage-prediction methods of Aylor and US-A-6 366 054. For the asymptotes
system of Aylor the first voltage sample has been taken at 1 minute (X=0) and the second has
been taken at 6.6 minutes (X=0.82). For the system based on OCV, dOCV/dt and temperature
the same parameters as proposed in patent US-A-6 366 054 have been used, as well as OCV
and dOCV/dt values at 6.6 minutes. The relaxation experiments used to draw Fig. 5 and Fig.
8 have been used. The results have been summarized in Table 1. Column one and two give
the model name and the type of the previous step (Discharge or Charge). The equilibrium
voltage VEMF and the predicted voltage Vp in [V] for each of the three models are given in
column three and four respectively. Columns five and six denote the SoC indication
calculated based on Vemr (S0Cine) and V, (SoC,) respectively. Column seven denote the
error in SoC calculated as the difference between the true and the predicted SoC value.

Table 1. Models comparison results

Table 1. Models comparison results

Model Step Vemr [V] V, [V] SoCire [%] | SoC, [%] | SoC_Error [%]
Asymptotes Step D | 3.748 3.753 20.19 21.11 -0.92

Aylor Step C | 3.88 3.887 61.56 62.54 -0.98
Combined model | Step D | 3.748 2.56 20.19 0 20.19

US-A-6 366 054 Step C | 3.88 2.778 61.56 0 61.56

New model Step D | 3.748 3.749 20.19 20.53 -0.34

This invention, | Step C | 3.88 3.884 61.56 62.21 -0.65

Eq. 1

Table 1 clearly shows that the SoC error is lower for the new method
according to the invention than for the two prior-art systems. The asymptotes system of
Aylor works remarkably well for this Li-ion battery experiment. However, it is based on a
fixed parameter Xp, which will be different for other batteries of the same type and for older
batteries. In fact, the new model also uses parameters t; and N that describe which part of the

relaxation curve is used for fitting the equation. These parameters do not describe the actual
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relaxation curve but do influence the prediction accuracy. An advantage of the new model
compared to the asymptotes method is that in addition to predicting the relaxation end
voltage, the time it takes to reach this voltage is also predicted. This time can be used for
tuning parameters t; and N of the model for optimum fitting accuracy. The combined method
of US-A-6 366 054 does not work properly for this Li-ion battery experiment. Apparently,
new parameters need to be used in the equations. Better results will probably be obtained
when the model is fitted to this battery type, but even then the disadvantage remains that
fixed parameter values are used.
Applications of the invention

The invention can be applied in portable battery-powered equipment,
particularly for but not limited to Li-ion batteries. The invention can be used in conjunction
with an SoC indication algorithm based at least partly on the EMF method and leads to

accurate estimation of the battery SoC, even during aging of the battery.
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CLAIMS:

1. Method for determining the state-of-charge (SoC) of a battery which has been
charged or discharged and which has not reached its equilibrium state, the method
comprising the following steps:

- determining the EMF of the battery by extrapolation of the battery voltage
sampled during relaxation after the charge or the discharge process, wherein the extrapolation
1s based on a extrapolation model using only variables sampled during the relaxation process;
and

- deriving the state-of-charge (SoC) of the battery from the EMF of the battery
by using a predetermined relation between the EMF and the state-of-charge (SoC) of the
battery.

2. Method as claimed in claim 1, wherein after the end of the charge or discharge
process the battery voltage is measured at least four times during the relaxation process and
the extrapolation model uses at least four sampled voltage values resulting from the said

measurements.

3. Method as claimed in claim 2, wherein the extrapolation is executed by using

a model described by the formula:

Fy £/2

t

o1
T log® ()

wherein V., (the EMF value), o, y and J are variables and € represents an error.

4, Method as claimed in claim 1, 2 or 3, wherein at least some of the samples
result from the multiple measurements of the voltage subjected to low-pass filtering by

averaging.

5. Method as claimed in any of the preceding claims, wherein the samples of the
voltage used in the extrapolation process are taken within six minutes after the end of the

charge or the discharge process.
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6. Method as claimed in any of the preceding claims, wherein the first sample
used in the extrapolation process is taken more than half a minute after the end of the

discharge process.

7. Method as claimed in any of the claims 1-5, wherein the first sample used in

the extrapolation process is taken more than half a minute after the end of the charge process.

8. Method as claimed in any of the preceding claims, wherein the extrapolation
model used for the determination of the EMF of the battery is also used to determine the time

after which the battery voltage has reached the EMF.

0. Method as claimed in claim 8, wherein the value of the EMF determined by
the extrapolation process is compared with the EMF value measured after the time
determined in the method as claimed in claim 8, and wherein the model is adapted by
increasing the number of measurements or by amending the time between the end of the
charge or discharge process and the first measurement when the difference between the

measured value and the extrapolated value of the EMF is greater than a predetermined value.

10. Method as claimed in any of the preceding claims, wherein the remaining time

of use (trem) is calculated under the current discharge conditions.

11. Method for determining the state-of-charge (SoC) of a battery which is
subjected to charge and discharge processes and idle times during which no charge or
discharge processes take place wherein the state-of-charge during periods after a charge or
discharge process is determined in accordance with a method according to one of the

preceding claims.

12. Apparatus for determining the state-of-charge (SoC) of a battery which has
been charged or discharged and which has not reached its equilibrium state, comprising:

- measuring means for measuring the open voltage of the battery during
relaxation after the charge or the discharge process;

- calculating means for determining the EMF by extrapolation of the measured

values of the open voltage of the battery, wherein the calculating means are adapted to
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execute extrapolation based on an extrapolation model using only variables measured after
the end of the charge or discharge process; and

- means for deriving the state-of-charge (SoC) of the battery from the EMF of
the battery by using a predetermined relation between the EMF and the state-of-charge (SoC)
of the battery.

13. Apparatus as claimed in claim 12, wherein the calculation means are adapted

to execute the extrapolation by using a model described by the formula:

FY e /2

t

=V e
t" log” (¢)

wherein V., (the EMF value), a, y and o are variables and ¢ represents an error.

14. Apparatus as claimed in claim 12 of 13, wherein the measuring means are
adapted to execute multiple measurements for cach measured value and that the calculation
means are adapted to average the measured voltages to obtain low-pass filtered measure

values.

15. Battery charge apparatus, comprising an apparatus for determining the state-

of-charge (SoC) of a battery as claimed in one of the claims 12, 13 or 14.

16. Electric device adapted to by supplied by power by a battery, comprising an

apparatus as claimed in one of the claims 12, 13 or 14.

17. Portable electronic device, like a mobile telephone, a GPS-device, or a shaver,

comprising an apparatus as claimed in one of the claims 12, 13 or 14.

18. Electrically driven vehicle, like a hybrid vehicle, comprising a traction battery
and an apparatus as claimed in claim 12, 13 or 14, wherein the apparatus is adapted to

determine the state-of-charge of the traction battery.
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